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FREQU ENCY TUNABLE LASER SOURCES

Abstract

This report describes research on

a)  opt ical ly  pumped NH 3 and PH 3 wi ’ch pa r t i cu l a r  at-

tention given to the 12.08  and 11.46 pm l ines ,

b) four—wave four—level nonlind molecular systems ,

and ,

c) laser line assignments ,in the important far IR

CH
3
OI-I laser .
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1. INTRODUCTION

The basic objective of this contract is exploratory re-

search on technical and engineer ing problems in the far IR

that will be important in develop ing the area for future

relevant needs.

Specific problems described in this annual report are

1) optical pumping of NH 3 and P113, 2) four—wave four-level

nonlinear in teract ions , and 3 ) laser line assignments in CH
3
OH.

The spherical  top molecules NH 3 and P11
3 

are impor tant in

tha t they uield wavelengths  of interest , yield high power , ef-

f i cient laser lines , lasing transitions are both V-R and R-R ,

and interesting nonlinear effects can be realized with single

and mul t iple CO2 pumps.

Studies on the 12.08 and 11.46 pm of NH3, optically ex-

cited in a capillary tube geometry , are descr ibed in det ai l .

The 11.46 pm line strongly suggests Raman behavior since the

emission occurs in the absence of a popu l a t i on inversion . The

12.08 has interesting superfluorescent behavior.

Optical pumping of far IR molecular lasers for the past

seven years has essentially been conf ined to a single CO2

pump and a two—wave three—level system . Moreover , on ly the

linear behavior of the sysLein h as been considered .

In the laLter half of this contract period , an ana l y t i c a l

and experimental study of a four-wave four-level system has

been initiated which  w i l l  inc lude  l i n e a r , R anlan and p a r a m e t r i c

.

~ 

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ _ _ _  _ _ _
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effects. The density matrix has been used for the analysis

with bo th analytical and numerical computer solutions of the

equations obtained. Four levels in NFL
3 have been identified

that will closely match three CO2 laser pump lines. Hence a

well-known system is available for experimental study.

Four-level systems will permi t frequency conversio n , bo th

up and down , plus frequency tunability . The nonlinear effects

mi gh t also be used as a diagnostic tool for molecular gases.

Methanol (C1-{
3OH) is at the present time the most impor-

tant far IR molec ule in that , along with its deuterated van -

ties , it accounts for some 25% of all known optically pumped

molecular laser far IR laser lines. However , until December

197 6, none of the laser l ines has bee n assigned.

A CH
3
OH laser system had been developed on this contract

for use in far IR integrated optics studies. Hence a direct

interest existed to understand this CH 3OH sys tem.

The assignment of 13 importa nt CH
3

OH lines is presented

in this  report along wi th  re fe rence to a de ta i led pap er that

has been accepted for publication. Molecules , with internal

ro ta tion , are excellent candidates for optically pumped far

IR systems .

~~~~~~~~~~~~
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2 .  TECHNICAL ACCOMPLISHMENTS

2.1 Laser Line Assignments in CH
3

OH - E. J. Danielewicz

and P. D. Coleman

2.11 Introduction

Methanol (CH3OII) , along wi th  i ts deutera ted

varieties , acco~ints for 25% of all known optically pumped mole-

cular laser far IR laser lines.1 However , none of these laser

lines had been assigned , pr ior to December 197 6, when Daniele-

wicz and Coleman
2 from the University of Illinois and J. 0.

Hen ningsen3 from Denmark presented papers at the San Juan Sub-

mill imeter Conference on the ass ignments.

The assignment problem in CH3OH is the lack of sufficient

spectroscopic data and the fac t  the spectrum is complicated by

hindred internal  rotation of the OH group .

To a f i rst approximat ion, the energy E
~ 

of a ground elec-

tronic state level can be expressed as

E = G ( v ) + Ev (Jx)~~~
t rot 

+ E
~~
(nTE)”

~
t rot (1)

i.e., as a sum of v ibra t iona l, external  and internal rotational

energy.

Hence it requires five quantum numbers (v ,J,K ,n ,-r) to

identify a level in the simplest case . If asymmetry and A-stat,c

splitting is considered , the problem is more comp licated .

Fortunately D. R. Woods4 did a Ph.D. thesis on the hi gh

resolution IR spectra of methanol in the 400-1300 cm 1 region

_____ ~~~~~~~~~~~~~~~~~~~~~~~
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in 1970 from which one can (jet sufficient data to at least

assign a number of the important CH
3OII laser lin..:.

Assignment on 13 laser lines has been made , a paper given

in December 1976 at San Juan , and a paper accepted for publi-

cation in IEEE Journal of Quantum Electronics for June 1977.

2.12 Summary of Assignment Technique

The pump absorption and far IR laser lines fol-

low the general pattern shown in Figure 1. A particular CO
2

laser line is absorbed on an Ra transition from 0 
— v5. Lasing

typical ly occurs on Roa l Rob and transitions in 
~~~~~~ 

wi th

possible additional cascading like R or ~ = 0 R transitions.sa

Figure 2 displays an absorption curve of C11
3011 taken at

— 5 0 ° C  to display only n = 0 transitions along wi th  selected

CO2 l ines tha t  are  absorbed . Compar ing  the data  w i l l  p e r m i t

J to be evaluated .

An Ra (J~
l) transition is given by

‘~a = 2BJ - 2D
JK

JK
2 

- 4D~ J
3 (2)

whi le  an R b
( J_ l )  t r a n s i t i o n  is g iven  by

V b = 2BJ + ( 2 K — l )  ( A — B )  — 4D~ J
3 

— 2D
JK

JK
2 

— D
JK

J(J_ l ) ( 2 K — f l
( 3 )

- D
K
[4K 3 

— 6K 2 + 3K—li + :~,1 ’ (n~ K)

and a 
~~~~~ 

by the fo rmul a

-——~~~~~~~~~~~ —~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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(J~J)n~ 0

~~~~~~~~~~~~~~~~(J~~I)~~~~ K~ 1)

R (J~2)~SO L —L)-~ nr~K

_
~~~Z15

JflrK~~~~~ 
—

R .rTa LJI)

— 0

Figure 1. A few of the possible FIR lasi.ny transitions in
C11 3011 pumped with a CO2 lase r .
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= (2K-i) (A-B) — 

~~~~~~~~~ 
( 2 K - i )  - D~~[ 4 K 3 

- 6K
2 

+ 4K-i]

(4)

+ AF (niK)
V 2

Woods gives a table of S (n K) from which one can deter-
V

2
min e AE

~ 
(n-rK) . The constants were initially known with suf-

2
ficient accuracy to make first assignments , using the criterion

of frequency matching, polarization of the signal (~ or to

the CO~ pump ) , cascade and competition effects and frequency

consistencies. One could also use transition probabilities

to advantage. After the first assignments , one could then in

turn use the accurate laser frequencies to make a least square

fit of the constants to obtain more accurate values.

The result of this effort was

B = 0.7999 cm 1 D = 3.8830xl0 5

-7 (5)
A—B = 3.4124 D~ = 7.3823.~l0

= 3.008xl0~~

Figures  3 and 4 pictorially give the laser line assign-

ments of 13 CH3OII laser lines.

2.13 Conclusions

The present assignments should have impact on

the theory of the C113011 laser .  I t  should s t i m u l a t e  a d d i t i o n a l

Stark  measurements  on the molecule  and doub le  r esonance  st u d i e s .

CFI 3OII serves as the s imples t  examp le of the  de s i r a b i l it y  of

molecules  w i t h  i n t e r n a l  r o t a t i o n  as laser  c a n d i d a t e s  f o r  t he

f a r  I R .  

~~~~~~~~~~~ 

~~_-~~~~ ~~~~~~~~~~~~~~ 
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2.2 Nonlinear Interactions in Molecular Systems — P. D.

Coleman and W . Lee

2 . 2 1  I n t r o d u c t i o n

Opticall y pumped far IR mo ]ecular laser research

- - - -was i nit i a t e d  by the work of Chang and Bridges in 1970. In

all  the papers since then t he  a u t h o r s  have  r epor t ed  the be-

havior of essentially a two-wave three-level system as shown

in Figure 1.

3

R

2 _  _ _

~
CO

2

I G

F i g u r e  1. r1P~~~~~~ _~~~.d\,C t h r e e — l e v el  sy s t em .

The m o l e c u l e  has been pumped , v i a  a CO 2 l a se r  l i n e , roin

a g r o u n d  s tat e  to a v i b r a t i o na l  s L i t . e  w h e t  (~ t l i v  f a r  I R l a s i n q

occurs  on a pure rotat ionai tratisi t i o n .  C I~ c~R1c rotatI onal

trans i tion may ilso occur. H OWeVer , I I w  v i l r . . i t i o n a l— t ’ o t a t i o t x a l

p 
ti- ii~si. 10115 have I~~~-n svcn ai~~1 ident~ Lied .

— - --——-- - - -  — 
~~~~~~~~~~~~~~ 

.~~~~~ 
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If a CO
2 

TEA laser is used as a pump , th e  pump f i e ld

s t rength  E~ can become quite large so that the nonlinear

parame ter w
p

~~ l ~)E
~~~~ p 

= ( 1)p

where p 13 is the mat r i x  element and Av
31 the linewid th of the

t r a n s i t i o n, can become much g rea te r  than one , and non l i nea r

effects should appear. However , these effects have not been

reported.

The use of a single pump for a molecular system limits

the number of molecu la r  energy levels that can be aceassed

and the effects (linear—nonlinear) that can be realized . Also ,

a tunable laser source will not be achieved via cascading

R—R transitions , since the R-R spacing are about equal.

Considerations of this kind have suggested that multiple

laser pump systems should be studied with respect to linear ,

nonlinear and parametric effects. Four-wave four-level sys-

tems have been experimental ly  st udied 2 4  but a detailed ana-

lysis of these systems has not appeared .

In the following two sections an a n a l y t i c a l  and n u m e r i c a l

density matrix analysis of a four—level system is p re se n t e d .

This system inc l u d e s  two—wave  t h r e e — l e v e l  and t h r e e — w a v e  four—

level sys tems  is special cases.

The analytical work is not entirely comp leted but t h e

difficult pa r t of the problem ( d e r i v at i o n  of f o r m u l a s , com-

pu t e r  c o d i n q ,  e t c . )  i s  comp l e t e  and to (lie Joint oh. d1s~~1aynIq 

-—~~ -—— - ~~
- , -— —~~~~~ 

., -‘ 
~~~~~~~~ .
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i n i t i a l  data  and r e su l t s .

An experimental problem , not reported here , critical to

synchronizing the pulses from 2 or 3 CO 2 TEA lasers  has also

been solved by replacing the usual gas discharge switches in

these lasers by hi gh voltage hydrogen thyratrons which have

f ar less ji t t e r .

References
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2 . 2 2  Dens i ty  M a t r i x  A nal y s i s  of a F~~ n - Y i v e Four-Lc- ’:vi

Sys tem Wh ich Inc ludes  a Three-Wave Four—Level  Sys-

tent and a Two-Wave Three-Level  System as Specia l

Case s

4 -i
w 2 5

3 
(1 j 4  

p 23 0

3 — — —  =
~ll = ~22 = (

44 0

2 —

1

Figure 1. Four—wave four-level system .

The general density matrix equations will be taken in the

f o r m

C

~~1-11.1 ~nn 1 ç,

~nn 
+ 

‘I’~ 
= ih ~- 

~nk~ kn 
— 

nk h l
kn 

(1)

k

and

1 - 1 1
V — is. I = ( — I ) ) II

1 2 
11111 flfll iii mm nFl rim

(2)

+ 
di  

1
~nk~ km 

- I
k

II
K }

k y 1 ii ,rn

App l y ing these vqu itio ns to t h e  s’1 St  em 01 F~~q U 1  1 , v I - l~~s

the d i  iqon I 1 de t i s  i t . y m a t  r I x V U~~ t on 

-,-- ~~~~~~~~~~~~~~~~~~~ -- - --- -- .- .~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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1 6
e

+ 
1 11 1 

= 
~~~ [P 2 1

_ P
12)H12 + (P 31

_
~ 13

)}1
14) 

(3)

e

p 22 + 
~22 ~~22 

~~~ {(P 12
_ P

21
(H 12 + (~~42

_
~~24 ) H

24) 
(4)

~ + = [ ( P 13-P 31 HI3 + (~~43
_
~~34 ) H

34)  
( 5 )

p 

p 44 + = 

~~~~~~ 

{ (p24 p 42 )h1~ 4 
+ (~~34

-~~43
) H ~~4J 

( 6 )

where 
~~~ 

is the thermodynamic equ i l ib r ium value and th e dot

notat ion represents  a time derivation .

The off—diagonal matrix equations are

(1 1 1 ‘ 1 ‘

p 12 + 

~ 
— i~ h

21j  P12 = -p~-(p 22—p 11
) H 12 

+ -1-~~[p 32 hl 13
— p

14 lI 24 ] ( 7 )

p 13 + - = ~~~(p
33 p11) h 1 13 

+ ~~~[p 23
H12

-p 14 h1 43 ] (8)

p 24 + - 1
~ 42J P 24 = ~~~ ( p 44 -p

22 ) H 4 + ~~~ [t 14 11 1
-p

23 h1~~4 ] (9)

+ - iQ 43 J p 34 = -~~~(p 44 -p 33 ) H 4 + ~~~ [p 14 h1~~1
— p

32 h1 4 1 (1 0 )

p 14 + - 

~~4l] 
P14 = ~~~ [p 24II12-~~12

II 24 + 34 H 13
-~l

1311 34 1 (11)

F - iu 32 J ~23 
= I~ 

[p 13 11
2 1

-
21

11
13 

1 P 43 11 34 1 ’ 24 11 4 3 1 ( 1 2 )

In  seeking a so lu t ion  to these e q u at i o n s , on l y t e rms  con-

t a i n i n g  a resonan t  denomina to r  w i l l  be r e t a i n e d .  Th i s  w i l l

_ _  --~~~~~~~~~ -
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permi t  the fo l lowing  assumed solut ions

iw
1
t 

*p 13 A 1e + . . . . = p 31 (13)

*p 34 = A
2e + . . . . = p

43 (14)

iw 3
t 

*

‘~24 
)L
3
e + . . . . = p 42 (15)

iw 4
t 

*
p 12 A~ e + . . . . = p 21 

( 1 6 )

with
i(w3+w 4) t  

*
p 14 D1

e + . . . . = p
41 

( 1 7 )

i ( w 3— w 2 ) t  
*

p 23 
= D2e + . . . . = p

32 (1 8)

where

~ l~~~2 
= w 3+w 4 or 

~ 3~~~2 
= 

~l~~~4

and the * notation means complex conjugate .

It is convenien t  to use the f o l l o w i n g  d e f i n e d  terms

= 1 + iT2 (wl~
I23l) (20)

= 1 + lT
2 (w 2~

p
43) (21)

= 1 -f iT 2 (s 3 — s~4 2
) ( 2 2 )

R4 
= 1 + iT 2 

( )  ( 2 3 )

= 1 + iT
2 

( - - - - 3
4-- - 4 — d 41 ) ( 2 4 )

= + iT
2 3

1
2~~~~32 ) ( 2 5 )

-—-~~~~‘
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along with

p
12E4T2 

________a = 
2?t b = 2~i ( 2 6 )

p
4 3 E 2

’i . (I 12 E
1

T 7
c = 

2~ 
d = 

2fi

where  the f i e lds  are taken as
*

E iw 1t E1 11&I t
E ( w 1

) = ~ — e + —~-— e (27)

etc., and

~12 
= - P 1 2 [ E ( w 1

) + H(s
2
) + E (w

3
) + E ( I ~ 4 ) )  ( 2 8)

etc .

Using these a b b r e v i a t i o n s  and ntakinq a harmonic balance

(i.e., equating terms of like frequencies), the off—diagonal

equations are of the following form .

= - d (  33~U~I + C D 1 
- aD2 (29)

o 0 1 * *
iR )\ 2 

= — c (e 44~~
I
~33 )I~~ 

d B
1 + bD2 ( 3 0 )

0 0 *
iR

3
\
3 

= — b (~~44 —~~22
) — a + cD

2 (31)

iR
4
\
4 

= - a (p
2

- 1 I
1~~~ ) 1 +  

b D 1 
- dD ; ( 3 2 )

I R rJ) c \ — ii \ — a \ 4 1)~ (33)i i  1 3 -1

iR
6
I)
2 

= — a \
1 

- b \ ,

where p tt ’prv setits the  s tea d y st a t e  (D C ) J ) O J 1U  I at loll and t h e

(lot t. I~d 1 t ries indicate t h e  l i n e a t  t o t  1 ot  t he  e q u a t  i o n s  i f  t . I i t

-— - - -——- — ~~~- ~~~~~~- -~~ —~~~~~ - -  — -  S - —~~~~~~~~
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nonlinear te rms in D
1 

and D
2 were neglected .

There are six complex unknowns (twelve real unknowns)

in Equations (29)—(34). Six more equations could be obtained

by * each of the equat ions  to yield e s s e n t i a l l y  twelve equa-

t ions in twelve unknowns. Although the determinants contain

many zeros , it would be very tedious to solve these equations

anal ytically. Numerically they could be solved readily on a

computer.

h owever , it would be desirable to display an analytical

solu t ion , if a good approximate solution could be readily

found . This can easily be done , if one uses the linear solu-

tions for 
~l’ A 2, A 3, and in the n o n l i n e a r  D1 and D 2 te rms

given  by Equa t ions  ( 3 3 )  and ( 3 4 )  and then s u b s t i t u t e  these

values for  D 1 and D 2 back in to  E q u a t i o n s  ( 2 9 ) — ( 3 2 ) .

The good approximate solutions for A 1, A 2, 
\ 31 and A .~ are

then seen to be given by the expressions

____ 
Id ° ° ic

2
d ° ° ia 2 d °1 + R 1R 6 

~l ~~~~~~~~~~~~~ + ~~~ - -~~(p 4 4
-p

33
) - 

i~~i~
-
~

-
~

( 22~~~l1~

* *abc o 
- abc 1 1 °

+ ~ R1R~ R6 
~~44 p 33 ) + ~ R 3 R 1R 5 

+ 
R
1

R
6

j 
(
~~41

—
~ ~~~

ahc * °
- 1 

~~

—

~~

-—

~~

--- (
2r~~1l

)
1 4 5

with

-- ____  - — . - — — - . .~~~~~~ _~~~~~~~~ — .. -- . - . .~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - S I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -. . -
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b Ic ° ° ib
2 c °

1 + R 2
R 6 j 

A 2 ~~~ ( p 44
p 33

) - 
(p ~~~~~P 22

)

R 2 R 3Rb~~
l +

iabd * ° ° iabd *

+ 2 33
p 11

) + ~~~~~~~~~~~~~~~~~~~~~~ ( 1) 44~~~ 33
)

R~ R2R~~
1 + 

R2R3
R5~

l +

. 1  1 1 abd *

+ - 

b
2 

( p 2 2~~~11
) ( 3 6 )

R 4~~1 +

and

1 + R R 1  
A 3 4 4  22  

- 
~~

2 
* 

0

+ i ~~~~~~~(p 22 P11
) + I F 

~
] ~~~~~~~~~ I 33

1h h1
)

* 0 0

- a c d
- 1 R R R  

(p 44 -P 33
) 

( 3 7 )

f i n a ll y

( b ° ° ad 0

+ ~~~~~22~~~11~ 
- I

~ - 
~~~~~~~~ ° °

+ 1 R3
1~4

l ~~44  ~~ 
- 1 ~~~~~~~~~ 33 V 11 )

- b*cd 1 1 °

1 
- 

~~~j 
( ( ~~~~~- 1 33

) 
(~~8)

_____________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
S - . _ -~~~~~_~

_
~~~

•
~~~~ ~
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The f i r s t  terms on the RII S of E q u a t i o n s  ( 3 5 ) — ( 3 8 )  r e —

- - - 2 2 2 2 2presen t  l i n e a r  t e rms .  l e rms  c o n t ain i n g  a d , b c , c d , b a , c b ,

a 2 b r ep resen t  Ranian terms , while the terms containing abc * ,

abd * , a*cd , and b*cd arc parametric terms.

The complex polarization at frequency 
~2 

is given by the

relation

= Np~~3
X 2 

( 3 9 )

which from Equation (36) will have the form

2 ~2
Z 

*
= 

~o~~ e 
+ mE 3

) E 2e + 5E
1E3

E4e (40)

where the z propagation factors have been i n s e r t e d .

W h i l e  containes E~~, y contains E~ and s contains both

and E~ in their denominators , they arc not functions of z if

It is assumed these pumps are not depleted .

Notice the linear (also laser) and Raman terms have the

same propagation con:,tants but the parametric term has a pos-

sible mismatch , i.e. ,

= 1 3 + 
~ 4 

- - 

~ 2 ~ ( 4 1 )

The polarization given b y E q u a t i o n  ( 4 0 )  is t h e  d r i v i n g

term in t he  separa ted  M a x w e l l  equ a t i o n  a t  f r e qu en c y  ~~~ ,

-
- 
2 i . + ~ 0L E  = — -~- .) V 0

P ( 4 2 )  

-- . _-~~~-_ ,. -- - -_ ~~~~ -- -- -
- S
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Let
E2

(z )  y 2
z

E — 

2 e + cc (43)

then

2_y 2 ~~~ 
+ 

{
~~~+ .~ P c l + X  +mE~~)} 

E2 
= ~w~~p0

sE~ E3E4e~~° 
( 4 4 )

p The value of ~~ is found from the 
equation

= -~~~p r [ l  + (X e~~~~~
H (45)

wh i le f or th e ~ = 0 match condition

w p sE*E C
E2(z) = - ~~~~~~~~~~~~ ~ 4]z + E2

(o) (46)

Thus the terms , rn and s , along with the pump fields de-

termine the exponential and/or amplitude behavior of the sys—

tern.

Let

+ mE 2 = 
‘ 

— i-~ 
“ (47)

-e 3 c e

and

= - 

~
°2 

+ ik2) 
(48)

then

2
~~2 ~~ ~~~~~

“ (49)

where v 2 is the phase 
velocity in the  medium .

__ _  _ _ _  . .~~~ --
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Exponent ia l  ga in  wil l  be obta ined when , “ is n e g at i v e .
Assuming E2 (o)  to be zero in Equa t i on  (4 6) ,  then

1E 2 ( z )  2 
= {5 2~~~

J

2 
s~~

2 2 
( 5 0)

If t~y ~ 0, one obta ins

2 22 2 21E 2 ( z )  I = { 2 0 )  E~ E~ E~ j
~~~~~J J l-e~~~fl (51)

To complete the calculation of A
2 from Equation (36) , the

values for  p~~~, p 2~~, p 3~~, and p~~ mus t  be found  by solv ing
Equations (3)- (6).
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2 . 2 3  ~umerical Anal ysis of Four- ~~ v~~~~rl 1r— L e\~~i~~~ystcn

App lied to NH 3 
— ~~~~. Lee

2140.7288 cm
1

(4) .__,.___—
~~~~~

——---—--——----—---————. 2v~ a (~~,3)

P = 822.6534
= 942.3833 P2 (22) CO 2

0 3 
~42 

= 9 4 2 . 7 9 4 2
• —1

= 0.4109 cm
v2

s(6 ,3) (3)

1318.0754 cm 1 

~
‘l 

= 1 0 5 3.9 2 3 5  P 1( 12 )

v 2 s ( 5 , 3)  2 )  
~ 3l = 1053.1322

1197.9346 I ~ 31 = 0.7913 cm 1

04

= 932.9604 P2 (32)

C21 = 932.9914

= —0.031 cni~~- (l) Ga (5,3)
21 — l264.9432 cm

Figure 2. Four—wave four—level Fib 3 system p u n i p e u  with three

CO 2 si gna l s  P 1( 12 )  , P 2 ( 2 2 )  and P )(32)

One p o s s i b l e  f o u r — w a v e  f o u r — l e v e l  s y s t e m  that c~~n be -u~ii ed

with tv- il or t h r e e  CO 2 la s e r  s i I i n a 1~; is the syste~ ~~~~~~~~~ I r i

Figure 2. The P 
~ 

frequency match w i t h  t he  C~~.1 l i ne  is ( 2  I 0’~

but the ~4 2 and P3 f r equ e n cy  r~a t ehes  are- rat h - i  far e I t e s o n —

ati c e. T h i s  v i  II i - I n  that a s-P ~-J a n t  m l  r 5 : I l u . u i t em.hance:Lent

- -_ ~~~~~~~~~ - - ~~~~~~~~ -~~~~~ ~~~~--~ - --~~~~~ -- - - .~~ - - ~~~~~~~~~~~~~~~ 
.
-~~~~~
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will not be realized . However , it is d i f f i c u l t  to f i n d  any

system for study with only discrete CO2 
laser l ines ava i l ab le .

I t  was seen tha t  an ana ly t i ca l  so lu t ion  of E q u a t i o n s  ( 3 ) -

( 12)  were very tedious fo r  the steady state case. However a

numerical steady state , harmonic bala nce solution using a CDC

Syber computer is relatively simple.

In th is  computer solut ion , the fo l lowing  numer ica l  da ta

has been used .

1 075 10 8
T1

(sec) = T2
(sec) = P ( t o r r )  HWHM ( 1)

= 2 . 9 3 X 10 2 p 12 = 0.13 debye

= 2.95xl0 2 p
24 = 0.15

= l.65xl0~~ p 43 
= 0.16

p 4~ 
= 2.86~ 10

6 p
13 

= 0.14

The val ue of E~ has been related to the power density P~

by the expression

E~~(volt s/ crn ) 2 
= 2~ P. 754 P. (watts/cm 2) (2)

where the medium impedance r~ is taken  as 377 ohms .

F igu re s  1, 2 , and 3 are  three  r o pr e s e n t at  lye  c o m p u t e r

curves of - , ,  •
“ and the  p a r a m e t r i c  te rm ( I I ~~(l

o/ 2 )
2

E~~E~~I~~~j s / l 2
I 2

associa ted  w i t h  the  f r e qu e n c y  
~ 2 = 21T V 2 ,  v e r s u s  the  number  of

ha lf w id ths o f f  resonance T 2 (v 2 — ’1’43 ) ,  f o r  f i x e d  values cf 

— — — __ _ . _ _ _ ~~ _ _ ~_ -5-.-..- _ . . — - • ~~~~~~~~~~~~~ - ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~
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1 1  = 2 . 9 3 ~~l0

0.3 i- i-

= l . 2 3 8 . - 10 ’

Nil
3 / \ p

2~ 
= 1. 9 5 5 10 2

( \ 2~\ ~~~ 
=

— :1
4 1 / 0 . 2  _ 

EE~
2

P OPULA l I O N  Dl FFl~~I ’ c1 ~~
o

P = P 10 8 W,~cm 2 1 44  — 0
4 3 0 ()

2 1 — 0
10 W/cm

— - . 0
p = 2 00 TORR

- —l0.1 cm

=
2

I I I

—30 —15 0 15 30

T2 (~~~
I _

7 4 3
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- 3~ l0
12 VOLTS2/METER

4

-j  FC - R z = 1 METER
I111

3 ( \
\ ~~~~~~~~ 

= 
2.86~ l0

12 
=

I
~
I
2,
/
’ 

)V 0 3 j

~ —4
~Ei;?~ / ~~ 2~~MAX = 3 .7 9 ~~l0~~W/c m 2

2 
> 1 / P

3 
= P

4 
= lO 8W/c m l

04 

1 / P1 = 10W/cm 2

/ p = 200  TCR R

1.5

(N

/
I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

/

/

/

/

/

/ 

_

c’~ r’~

N r 4
(4

(N
5-- __ __5

0
I (N

I __________________________

—30 —15 0 15 30

T
2 
(
~~2

n 43
) h ALl SPI DTIIP OFF P I - ~~~~~( i lN i~J 4( J . ’

Fi gure 2. Parametric L e r n ~ associated w i t h

S -— S-5--__ _
~ -_5~
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P 3 = P
4 

= 10 8W/cm 2

P 1 = 10W/cm 2

p = 200 TORR

5~~l0~~~/

Nil
3

2.5/

I I I I

— 3 0  —1 5 15 30

h ALF WIDT h S OFF RESONANCE T 2
( - ~2 -y 43

)

-2. 5 INDEX OF REFRACTION

n = /1 +

\

~~~~~~~~~~~~~~~ 2 v e

(11
2 ) . i \ x  = 1 . 0 0 0 0 2 7 7

-5~~i0
5

N i l
3 
@ 760 T(’RR

1.000373 Ffll~
SO D I V ~-~ P L I N t

1-i gure 3. I b .~~ t n j ~~ susceI)tIbl lity

_ _ _ _ _  - _ -—~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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P4 ,  P1 and the pressure P.

In spite of the pumps 03 and 04 bei ng rather fa r o f f

resonance , the l inear plus Raman gains  (as seen in Fi gu re  1)

at 
~2 

reach a maximum value of 0.3 cm 1
. The parametric power

genera ted  at °2 fo r  a one meter path  length reaches a value

of 3 . 7 9x l 0 5 W/cm2 (as  seen in Figure 2 )  for  a va lue  of P 1 as

low as 10 W/cm2
. Finally, as expected , Xe

’ goes th rough zer o

where Xe
” peaks (as seen from Figure 3) and attains a maximum

value of 5.55xl0 5 at 15 ha l f  wid ths  o f f  resonance .

Figures  4 , 5 , and 6 g ive a set of curves for  lower pres-

sure (p = 20 torr ) and d i f f e r e n t  parameters  P 3 ,  P 4 and P1. An

important point to be noted is tha t  the peak gain at has

shifted from v 2 
> to v

2 
< y 43, i . e . ,  the signal at 2 has

been tuned . -

In summary ,  a good approximate ana ly t i ca l  so lu t ion  to the

four-wave four-level system has been obtained and an exact

computer code for numerical analysis devised and applied to

Nil
3 

with encourag ing results.

- -.—_ --—---
~
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~ l1 = 2 . 9 3  10

6 2 = 1.4 8 7  10 2
P 3 P 4 = 10 N/cm

P 1 = 0 .1W/ cm 2 = 2 . 9 5  lO
_ 2

p = 20 TORR 22 = 1.115 10

-4
p 33 = 1 . 6 5  10

I = 1.65 l0~~—1 33
I 0.2 cm

3 I e —6
p 4. = 2.86 10

/ 
—2n~ = — 

~~ 

= 3.576 lO~~

04 
POPLJiI ~-TION DIFFLRLNC 1N-~

P 4 4  
- - 0

o 0 -
- \0.1 ~22 

- 
33 0

o o~~I ll 
— p 2 -  - 0

—30 —15 0 15 30

~2 ~
‘
~2~~~43~ 

h ALF WIDTHS OFF RP S ON AN CE

F i g u re  4 . L i n e a r  p lu s  R aman g a i n  te rm 
~
2o 2 at 
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6~- l 0~~

P 3 = P 4 = lO 6W/c m 2

P 1 = 0. 1W/ cm 2

p = 2 0 TORR 4

2

I I I I

—30 —15 15 30

HALF WiDTh S OFF RESONANC E T 2 ( 1
2

_ i
43 )

— 2

- — 4

F i J u r e  5. F l e ct  n c  susce i - ib i l i t y  
(_5 

at  2 .



-5--- -

r~ ~~
- —

~~~---~~~=- .—-- -~~~~~~~~~~~~~~
= -

.32
- 3 5  

~~~~~~~~ VOL’h S
2
/~-~t- i’ER5 4

P
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3

/

1.5

(N
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Li
(N

0
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—30 —15 0 15 30

T
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1
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Fi gu re  6. P a r a m e t r i c  term associated with 2.
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2.3 Optically Pumped Nil
3 and P11

3- 
E. Malk and E. Danielewicz

2.31 Introduction

Op t i cal pump ing of gaseous  m o l e c u l e s  has  produced f a r

i n f r a r e d  ( F I R )  e m i s s i o n  OIi many  discrete lines. 1 A simp li-

fied block diagram of an optical pump ing experiment is shown

in Fi gu re 1.

LASER GAS ~~ E FI S S I OF

Figure 1. An optical pumping experiment.

To d a t e , most opticall y pumped molecular laser experiments

have been accomplished using a CO2 laser cii one of its 60 or 
p

so lasing transitions. The development of higher power CO 1

TEA (Transverse Excitation Atmospheric) lasers has produced

multi—megawatt operation on many  of it s  emission wavelengths.

The hi ghe r pump I - ~~~~r a l lows  f o r  a more  v e r s a t  i l e  ex l .I cr i ml. n t  .

C c n s i der  the e n e r g y  level  d i a g ram  s l in - ; n in F i g u r e  2 .

The l a se r  f r e q u e n cy  ( v 1,
) is ‘ n e a r ly r e s o n a n t ” vi t h i  t he  t r a n s  a - -

t i o n  f r e q u e n c y  be tween  l e v e l s  1 and  2 .  “N e a r l y  r e s o n an t ” c i c—

pends  cii the j un 11 l ow er .  I-’or 111(3 1) } u mj  j . o~- .-~~r t he I r e c ju en c 1

m i s m a t  cii bet ,- -een t he  lose r  and  t i m e  ab so i  l i i i ; t r an s i t i o n  m a y

be l a rg e r .  Tin  1- u nu h i n I l i  e f f i c i e n c y  (powe r ahsorl ed/i-e ’.-em in—

c i den ~ . )  dect r ( f l e S , b u t  [ o p ul a t io n  is I r - m n s f e i  r ed  f r o m  l (\’el p

_ __  — - 5 - -~~~~~ - - -  -- -~~~~~~~~ - -~~~~----~~~~-—- -~~~~~~~~~~~~~~ - - -~~~~~
- --~~~ -~~~~~~~~ - ~~~~~~~~~~~~~~~
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v
3 4 :

~l2 ’  U 2 3 1  ~ 34~ ~ Sl ~ 0

l

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5

Figure 2 .  lyp i cil ( Iiei (;y lev . 1 d i a g r a m  for au optica ll y en
molecular laser experiment.
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1 to level  2. Thua the TEA CO2 laser because of its h i g h

power is a versatile pump laser.

Once non—equilibrium population is obtained in level 2 ,

r e l a xat i o n  to e q u i l i b r i u m  c o n d i t i o n s  begins. O p t i c a l  and ccl—

lisional relaxation mechanisms dominate the return to cqui—

librium. The optical relaxation is the desired result , and

collisional relaxation is a competing process. Assume that

the collisional relaxation rate is long compared to the opti-

cal rate. The attenuation at frequency is described by

Equation (1)

, 2 A . - q .
o ( v .  - )  = N. - N. (G(y - )  ( 1 )

1J 8 1  
- 

3 g i  ij  ij
iJ

A. - = Einstein coefficient of transition
J i

GU . - ) = Line shape factor
13

C = Speed of li g h t

degene racy  f a c t o r .

From t h i s  e q u a t i o n  it may be seen t h a t  the a t t e n u a t i o n

can be negative (i.e., —i N~ > N . ) .  This represents gain
J J 3

at the desired result. If the gain is larger than the

loss, emission is observed .

Thus ga in  at and is expected if the above con-

ditions are met. Following emission at 
~23’ 

~ similar corn —

dition may result between levels 3 and 4. This t yp e  of emis—

sion is cal led cascade  emis s ion .
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For real molecular systems , the v 12 t r a n s i t i o n  is u s u a l l y

a Vibration—Rot ation (v — R ) transition with ~v = +1. The

o the r  t r an s  i t i o n s  shown a re  u s u a l l y pu re  r o t a t i o n  ( H — H )  t r a n —

s i t i o n s .  The collisLonal relaxation mechanism is rotational

r e l a x a t i o n  and s t r o ng l y d e p e n d e n t  on gas p r e s su re .

More re ceti t lv omission frequencies have been ob ta ined  on

V — R t r a n s i t i o n s .  The c o l l i s i o n a l  r e l a x a t i o n  m e c h a n i s m  in

t h i s  case , is v i b r a t i o n a l  (V—V) ielaxation. V—V relaxation

is usua l ly slower than rotational relaxation , thus the pumping

scheme shown in Figure 3 is Possible. Entire vibrational

manifolds may be population inverted in this manner , producing

many emiss ion  l i n e s  near  the same frequency. An emission

spec t rum may appear s i m i l a r  to the d i a g r a m  shown in Figure 4.

Col l i s ion  b r o a d e n i n g  of the emis s ion  l i n e s , should in princi-

ple , cause overlapp ing of the individual emission line gain

curves. Significant overlapping will then produce a continu-

ous e m i s s i o n  p r o f i l e  t h r o u g h  the  emiss ion  sp e c t r u m .  A fre-

quency  t u n a b l e  source is t h e r e f o r e  ob t a  i m m 1 .  This  t e c h n n q u e

has been used by Chia n q 2 to o b t a i n  l a se r  a c t i o n  in 00 2 ~~ 33

a tmospheres  of p r e s s u r e .

2 . 2 2  R e l e v a n c e

The u t i l i t y  of a t u n a b l e , coherent , 11 .1 1 row sped i n 1  li ~n-

source in  science and en g m o e  r i  rig is w e l l  I: T1O~ %’Il  . Tun ni I -

s i m n a l s  - ire u s e f u l  in  e v a l u at l on  0 f r eq ue n cy  t ’ii~~u a c t - r i s t i s -s

- — - - -  —~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ A
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of devices , in s t u d ying resonance behavior , in h i g h resolutioni

spec troscopy , etc .

It is the purpose of this work to report progress in an

a t t e m p t to o b t a i n  a f r e q u e n c y  t u n a b l e  l a s e r .  The r e su l t s

presen ted  are  oni y art i n t e r m e d i a t e  step in the overall ob-

jective. The results do represent major steps toward obtaining

an optically pumped tunable laser.

The f o l l o w i n g  p a r a g r a phs p r e s e n t  the  sequence  of events

l ead ing  to and a f f e c t i n g  the r e s u l t s  p resen ted . This  demon-

s t r a t e s  the interest of o t h e r s  in our w o r k .

2 .3 2 . 1  Sequence of Event s

An opt ic a l l y pumped t u n a b l e  l aser  was j r oj o se d 3 fo r st

in C o n t rac t  AFOS R 7 6 — 2 g 8 8 .  An e xp e r i n i r - n t a l  i p p a r i t u s  W~lS Con-

s t r u c t ed  and t h e  invest i l l t i o n  l)e (ian. ~ e v e m a l  m e l - c u l  c-I ;  i - e l

selected and expt-rii e n t i l l y t r i e d , w i t h  n e ( a t  ye results.

T. Y .  Cha ng and 3. D.  ~ c ( e ~ - 1 
r e-p o r t e d  em i s s i o n  OIl 1 v i l - r o t  I ! ) —

r o t a t i o n  t r a n s i t i o n  a t  1 2 . 8 1 2  ~i m o p t i ca l ly  p u r j - - - i  i - y  CO . . 1~

was d e c i J - d  to m~~- p e i t  t h e -  e x j - - r i m e n t  of  C h i n a , on e  v - i  i (  y

s a t i s f a c to r y  o H - r a t  O i l  of our  t - x p e r t i l l ( - n t  i l  o h i o  . m t u s .

The Ch o n i ::i (riment was r ep e at e d  : ;I i c c e s s t  :1 l y . (h o

Gullbem q, e-t a1.~~ r (- t , - r ( nc - \- .‘ I H  consul t i  f > u  i d d i t  I - I - I l  O5~

S L h I l i t  i e 5.  [ l i - j 1 S S I I l l i t )e : ;  w e r e  - - e - h  t r o d . l m i l r o r ’ - - l

emission via:;  o1)m- ;erv (- - 1 I I ’
J U si ng  t W O  of t i n t ’ j ( f ; s i l d ; t m e I ; . ‘I i i ’

cmi~; S ion vi v. -1 (n J  1 i -is - I • P I t  - a ~; u t a h t h o  1 2 . 08 :111 ( H ( 30 ) 1 m
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pump ) and 11 .46  pm ( R ( 14 )  10 pm pump )

Interest in the 12.08 pm l i ne  was very hi gh beca use of

the wavelength . ERDA is looking for a 12.15 pm lase r fo r  laser

isotope separation (LIS)

Prompted  by the near co inc idence  of the achieved and the

desired l i n e s , a computer program to generate the transition

f r e q u e n c i e s  was w r i t t e n .  The program positive l y identified

the 11 .46 , 1 2 . 0 8 , and 12.812 pm transitions , w i t h  the correc t

pumping i-.-ovelengths. i t  wa s noted t b - i t  all three lines be-

have p a r a m e t r i c a l l y  in  the sonic m a n n e r , t hat  i s :  a R ( J  , K)  ab-

so rp t ion  fo l lowed  by P ( J + 2 , K )  em i s s i o n .  Tile p o s s i b i l i t i e s

t h a t  were  not  observed d id  not  f a l l  i nt o  t hil S SC O - i n e .

The gain of tile 12.08 line appeared to 10 very large ,

( i . e . ,  o s c i l l a t i o n  not  c r i t i c a l ly dependent on cavity ali gn-

ment) . It was decided to try a 2 mm bore cap i l l a r y  tube  to

confine a high pump power density over a long path. The ex-

periment , with the aid of John Leap, was set up .

Superfluorescent emission was observed on the  12 .08  pm

t r a n s i t i o n .  Su j -v r f lu o r e s c e n t  emiss ion  was not observed on

either t h e  1 2 . 812  pm or 11.46 tim lines. Tu e characteristics

of the 1 2 . 08 im I inc were s tud i ed in t h e  ca p i  I la m y  t ube  , and

a paper  was s ubrn i I ted to and accep ted  fo r  pub ]  i c a t  i on  i i i

~~j~~ied Ph my s ic s ic t Ie r s .

Peculiar b e h a v i o r  WOS observed for t he  11 .46 pm 1 inc .

Cal  o i l  a lion of popul a Lion cli U Ierences W i  I i i  pump so lii t o t  iOn  (1 

— -  —— ~~~~~~~~ - _ _ _ p  
_ .- th ~~~~~~~~~~ S~~~~~~~~~~~?*~~~,* -~~~~S
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no t resul t in a p o p u l a t i o n  i nve r s ion  in the no rma l  sense.  The

output of the 11.46 pm line was very much dependent on the in—

put pulse shape. This is not typical of optically pumped

lasers .

The off-resonance behavior of the 11.46 pm l ine  was

studied using an absorption technique . The results wore

peculiar and not easily understood .

During this time , D. Kim and J. Leap obtained super—

fluorescent emission on the 12.812 pm line in a 3 mm capil-

lary tube . They also achieved highe r out pu t  power on the

12.08 pm transition.

The inability to explain the 11.46 pm r e s u l t s  prompted

r e i n v e s t ig at i o n  of the  o f f - r e s o n a n c e  behav io r  w i t h  gr e a t e r  con-

trol of e xo c r ir ne n t a l  p a r a m e t e r s .  F u r t h e r  r e s u l t s  ind ica ted

tha t  the power of the input  g r e a t l y  a f f e c t e d  the o u t p u t  of the

11.46 u r n  l i ne .  Pump power f l u c t u a t i o n s  caused the ave rag inq

techn iques  used to v a r y  cons ide rab ly  f rom clay tc) d a y .  The

on ly  d e f i n i t e  conc lus ion  reached was t h a t  the 11.46 pm signal

was o f f - r e s o n a n c e .

Some t ime l a t e r , we were con tac t ed  by S. N .  F ry  of h u g he s

Resea rch  Labora  t o r i e s  regarding our  work  w i th  ti-ic 12 .08 rn - i

l i n e,  lie r e p o r t e d 8 to us t h a t  he hac] O C i l i C \ ’ o l l  m u l t i — l i n e

l a se r  opera  Lion  f r o m  the  same t r an s i  lion , by Pt1uT1 Ihi !l1i N h 1
3 

vi Ibi

N 2 as a Lu U f o r  gas  a t  j -- r c sn u r e s  up  to one a t m o sp h e r e .  Sub—

~ t i i j u e n t 1 y ,  I) .  K i m  used a s i m i  b r  t e c h n i que  i n  a c 1 u p i l  l~i r y  t ub e

-5  
—
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to g e n e r a t e  many of t h e san-ic l ines  observed by F r y .  D. Kim 9

also discovered a new line at 12.28 pm by pumping with the

P(32)
10 CO2 transition .

T. Y. Chang and J. D. McGee repor t  “ o f f - r e s o n a n t  i n f r a —

red laser  ac t ion  in N il 3 and C 2 1!4 w i t h o u t  popula t ion  inversion ” .

Our observed l ines  and D.  Kim ’ s 12 .28  t im l ines  are inc luded

in his study. The results of his experiment concur with ours ,

but  we bel ieve h is  exp lanat ion  to be sus pect .

5- ~~~~~- —~~~~~- 5- -5-— ___________________________ __________________________ ___________________
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2.33 Experimental Results

S u p e r flu o r e s c e n t  emiss ion  at  12 . 0 7 9  1m  has been observed

for  the f i r s t  t ime by pumping the  s R ( 5 , 0)  t r a n s i t i o n  of the

fundamental band of 14
NH 3 w it h - i  the R ( 3 0 )  (9.217 pm) transi-

tion of a CO
2 TEA laser. Over 2 kW of pulsed output power

was obtained in a sing le pass , using a mirrorless capillary

tube waveguide geometry . The laser transition has been iden-

tified as the sP(7 ,0) transition from the vibrational band

to the ground state. Another new line at 11.460 pm was ob-

served with the R(14) (10.286 pm) line pumping the aR(1 ,1)

transition in the cavity configuration. The 11.460 pm line

has been identified as the aP (3 ,1) transition . In addition ,

pumping the aR(6 ,0) transition with R (l6) (9.294 pm) line pro-

duces emission at 12.812 pm as previously observed by Chang

and McGee .4 The results of the experimental investigation are

summarized in Table I. Subsequent to the publication of those

results ,7 S. N. Fry 8 has reported obtaining 41 additional

transitions by pump ing the sR(5 ,K) levels with R (30) (9.217

pm) CO2 line by pressure broadening  the abso rb ing  t r a n s i t i o n .

These emi s s ion  l i nes  are obtained in a cavity. K. 3. K i m 9

has o b t a i n e d  s up er f lu o re s ccn t  emiss ion  i n  a m a n n e r  s i m i l a r  to

t h a I  of F r y ,  as wel l  as some ne~ t r a n s i t i o n s .

A de t a i l ed  e x a m i n a t i o n  of the  e x p e r i m e n t a l  da ta  o b t a i n e d

for  t he  1 2 . 0 7 9  m and 1 1. 4 6 0  pm t r an s i t i o n  to]  l o w s  t h e

de s cr i p t  io n of  t h e  experiment n i  5mp ~) a r t t  ( I S .
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2. 34 Experimental Configuration

The exper imental configuration used in gene ration of the

infrared transit ions of NI!
3 is shown in Figure 5.

The grating-tuned atmospheric—pressure CO2 
(TEA ) laser

emi t t ed  up to 1.2 MW peak power on R (30) 9.217 pm transition

in a 160 nsec (FW}JM) pulse. The laser was operated with a

10:1:50 mixture of C0 2 :N 2 :He to obtain a pulse with a minimum

n i t rogen  t a i l .  A CW CO 2 ga in  cell was also used in the TEA

laser cavity to suppress the normal self-mode—locking of the

TEA laser and to f o r ce the laser  to osc il la te on a sin g le

l o n g i t u d i n a l  mode near l ine cen te r. U The NH
3 

was con ta ined

in a semi—confocal cavity with internal gold coated mirrors.

The input mirror had a 4m radius of curvature w i t h  a 2.0 mm

dia. coupling hole. The output mirror was a fla t mirror with

a 0.5 mm hole mounted in a translatable stage for longitudinal

cavity tuning . The CO2 pump radiation was focused into this

cavity with a 0.53m focal length mirror . It was found that

the ga in  bandwid th  of the l ines was s u f f i ci e n t l y  high - i  such

tha t  cavity tuning was unnecessary . An external dielectric

m i r r o r  w i t h  8 . 0 %  t r a n s m i s s i o n  at  12.079 pm am-ic] a KC 1 Brews te r

window pa r a l le l  to the  pump p o l a r i z a t i o n  c o u l d  t h e n  be sub-

s t i t u t e d  for  the o u t p u t  m i r r o r .

To increase  the pump laser  c o n f i n e m e n t , a I m long 2 mm

fore  Pyrex c a p i l l a r y  tube was s u b s t i t ut e d  f o r  the open r o s e n—

a t o r  cavity described above . A KC I Ur ew s t e r  w i n d o w  was used

- 
- -
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as the entrance window and another KC1 window normal to the

tube was used at the output end . Aside from the Fresnel re-

flection from the output window there was no intentional

feedback in the apparatus and the effects of unwanted regen-

eration were minimal. Focusing the CO2 pump produced a power

density of ~ 26 MW/cm
2 inside the dielectric guide.

The output of either configuration was ana l yzed wi th  a

Heath 1/3 meter grating monochromator using the CO2 lines ob-

served in first order for accurate calibration .

Press ures were measur ed w ith a M .K. S . Baratron gauge with

range from 0—10 torr.

______________________  -- -—~~~~~~~~~~~~~~ 
- - - -  

~~~~~~~~~ 
—

~~~~~~-
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Table 1. Ca lculated Abso rption (V
a

) and E m i s s i o n
Trans i t i on  Frequenc ies  of N i l 3 . The o f f s e t  of the
CO2 pump f r equ ency ( v )  f rom the absorp t ion  line
is i~ V = v — . The accuracy of the ca lcu lateda p
emission wave leng ths  is estimated as ± .0005 tim.

CO
2 PUMP R ( 30 ) R ( 1 4 )  ~ (16)

~ n ( C M - i )  10 8 4 . 6 3 5  9 7 1 . 9 3 0  10 7 5 . 9 8 8p

NH
3 ABS . TRANS . sR(5 ,0) aR (l ,l) aR(6 ,0)

v (CM—l) 1084.628 971.881 1076.028a

tv(G flz) —0.20 —1.47 +1.20

Nil 3 EM. LINE sP(7 ,0) aP(3 ,l)  aP ( 8,0)

v 2 (CM 1) 827.876 872.565 780.556

(pm) 12.0791 11 .4605 12.8115
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2.35 The 12.08 pm Transition

The most import ant feature of the 12. 08 pm t r a n s i t i o n

is its superfluorcscont behavior . The data taken will reflect

this fact.

A partial energy level diagram is shown in Figure 6.

Shown in the f i gure  are ti~ie F I R  emis s ion  l ines  t h a t  have been

prev ious ly observed . The 1 2 . 0 8  pm t r a n s i t i o n  is al so shown .

The dashed transition has not been observed . This line should

be observed as a cascade tr3nsition following emission at 12.08

pm. ~Jo detailed search-i was made to observe this 72.4 pm line.

This cascading line may contribute significantly to the pres-

sure-pulse time behavior to be discussed la t e r  in g r e a t e r  de-

t a i l .

The f r e q u e n c y  misma tch  of thi e  absorb ing  t r a n s i t i o n  and

the CO 2 pum p l i ne  may e a s i l y  be calculated from the diagram .

The m i s m a t c h  is — 0 . 2  Giu z .
12 Experimentall y measured values

using infrared-microwave double resonance are not available

because the antisymmetric (7,0) ground state level does not

exist. This near resonance condition partially explains the

lar ge number of cascading transitions that are observ ed , (i.e.,

large absorption coefficient).

The dipole selection rules for transitions invo1vin~:

energy levels with K = 0, preclude the possibility of pure

i n v e r s i o n  ( A J  = 0) transitions. To a f i r s t  ap p r o x i m a t i o n ,

r o t a t i o n i ]  r e l a x a t i o n  obey s  t l i e  d i pole  s e l e c t i o n  r u l e s .  
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2 A = — 2 Ghiz
138 2 . 2 6 3 6

6 7 .  25jm
/ 

s ( 5 , 0 ) v 2
1 2 3 3 . 5 4 6 0  - /

I l 4 7 . l p m  a ( 4 , 0 ) v ,
1165.6486 - / — ____________

I 88.9pm s ( 3 , 0 ) v . .
1 2 . O B p r n  / 388~irn ___________

a (2 ,0) 1

R ( 3 0 )  ( 9 . 2 17 pm)

5 5 4 . 4 0 6 3
s ( 7 , 0 ) G

72. 4pm

:::::: ~~~~~~~~~~~~~~~~~~~~ 3 . 82 t i n  

_

s ( 5 , 0 ) G

Figure P .  N i l  e ne r g y  l eve l  d i a q r o r n  f or  t h e  1 2 . 0 8  pm ‘-oissiolm

l i n t .
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T h e r e f o r e  the  n u m b e r  of r e l a x a t i o n  pa th - i s  is decreased f o r

s y s t e m s  i n v o l v i ng  K = 0 energy levels. This would lead one

to b e l i e v e  t h a t  the  l i f c t i i - i c  of t hese  K = 0 energy levels

may be longe r  t h a n  K / 0 energy le vel s .  I f  t h i s  is the  case ,

then t h e stimulated radiative 1 tfetip~e may be shorter ti-ian

the excited state lifetime , and hence a large number of cas-

cadin-j transitions would be likety.

The w~ velength of the 12 .08  pm line was determined from

several data runs of a scanning spectrometer. The measured

wavelength was determined to be 12.08 ±.008 pm. A typical

data run is shown in Figure i . The CO
2 lines are observed

in first order and used for accurate calibration of thr’ spec-

trometer.

A plot of the 12.08 j im detector output versus pump input

energy is shown in  Fi gu re  8. The cell  p re s su re  was  f i x e d  at

5 . 0  t o r r  ~- h i i i -  the energy input to the cap illary t u I c was

v a r i e d .  The r e s u l t i n g  1 2 . 0 8  pm output e:-:l iLi ts vem 2 l ine m’

behavior from 20 to 4 0  m i l l i j o u l e s  of i n p u t  - r e r e - ,- . i~t -1-ond

40 mJ the output appears to become saturated. L~~~~~

of the o u t p u t  si gn a l  was s t r o n g l y  dependen t  on t i n  i li0mnss - mi t

of the i n p u t  r a d i a t i o n .  The case shown is t y p ic a l of n e ar

o p t i m u m  a l i g n m e n t  of the i n p u t  r a d i a t i o n .  This  a l  i J u m n e n t  is

easily achieved by ma x inm i i tig t i e  t rinsm i ssior m a t t l i e  i n p u t

radiation throu d tue capil lar y.

Two p lo t s  of n o rm a l i z e d  output siw al a t  1 2 . 0 8  pm versus

-5- 5 - -
~~~ 

—5--
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CO 2 PUMP R(30)  51

X z 9 2 I 7 I 8 ~~ m

NH 3 sP(7 ,O)

X~ I2~O79 1u.m

12 52 1 1 - 3 4  10 16 8 9 8

I- i m u r t - 7 . W - I ’
~

- 1 ng Lb r e m  n show m m - u  1 2 . 08 pm i m i  ~ . 217 pm
1 i n es .
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cell pressure are shown in Figure 9. input energ ies of 67.5

and 137.5 mJ are used . The two plots show that the  o p t i m u m

p r e s s u re  and si gnal strength increase with increasing input

power. Additional data is required to determine if satura-

tion is being observed .

The formation of “self—focusing ” type streamers was ob-

served during propagation of the R (30) CO
2 transition through

a non—capillary type tube. rj~ j~~~5 effect was observed for

h i g h e r  pump i n t e n s i t i e s  with cell pressures near the optimum

12.08 pm output signal pressures. This ‘self—focusing ” t y p e

beha v ior m a y do muc h - i  to improve the  o u t p u t  of t b -  12.08 jim

line.

The additional focusing m ay cause local field strengths

to increase i m m e n s e ly .  The reduced prop a~;at  ion spot s  i ze of

the pump ing r a d i a t i o n  may cause a t t e n u a t i o n  losses of t i m e

capillary to become smaller. Prior to Chang ’ s latest pape r , 1°

it was be l ieved  t h a t  t h i s  “ s e l f — f o c u s i n g ” e f f e c t  may have  k ep t

him fran-i observing the 12.08 jIm line. C h a n g ’ s e x p e r i m e n t a l

pumping  cel l  is pumped off axis. This feature , ~1mi s self—

f o c u s i n g  led us to be l i eve  t h a t  the a c t u a l  ga i n  reg ion would

be very  sma 11 . Our v;-: i ~ rilnen t is ax i a ii y pumped , hence  s e l f  —

f o c u s i n g  occu r s  on a x i s .

‘ru e most i i i t e r c ’ r t i n q , and  least und eis t 0 ) 1 , d a t a  t a k e n

c , m i t m m n  in f o r n i a t i on  on t i m e  ou t  J~u t  p u l se  t i m e  i n h ~~n v i e r  as a

f u n c t i o n  of c e l l  p i es s l ir e .  C h a n g  oi se l  ‘ d  s i m i la r  l e I ~avior

-5— —-— 5---- — - - 5——-— — -5— -~~~~~~~ -~~~.- -~~~
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for  the 12.812 pm transition. The output pulse—width and

structure show very strong dependence on the cell pressure.

Chan g~ at t r i b u t e d  t h i s  behav io r  to r o t a t i o n a l  r e l a x a t i o n

rates that vary with p r e s s u r e .  The effects of the FIR emis-

sion l ines , wh ich  occur at lower p ressures , on the 12.08 and

12.812 jmni lines have not been studied . These effects are be-

lieved to contribute to the behavior observed . A detailed

study of the problem by looking at the FIR emission lines would

shed much light on this effect.

A series of scope traces have been reproduced in Figure

10. These demonstrate the cell pressure-pulse-width and

s t r u c t u r e  effect just described . These pictures were taken

using a Cu:Ge detector. Figure 10 shows a typical pump laser

pulse as detected by a Ge photon drag detector. The response

time of such a detector is in the subnanosecond region . This

trace shows that the pump laser is operating on a single

long itudinal niode , and the lack of Nitrogen tail because of

the CO2:N2
:hle mix used.

The remaining traces are all for time 12.08 pm emission

line. Figure lOb is the onl y picture of the output with a

feedback cavity being used . The trace shows t y l i cal output

operating at ti-ic o p t i m u m  p i c~~~u r e , 2 t o rn , i i i  t hi i m ; case.

Traces 1 Oc t h r o ugh  lOb show a s eq u e nce  e l  t races oh—

ta i ned while Lime cell pressure is boi i i i  I ewer ed  . Tr ie s lOc

th rough IOe show t lie 1 ) 1 1 ;y—wi dt hi I eng then ~ f l j  is the pressure

5- 5 — —--—-‘5—- .~~~~
_—, - -~~-,- ‘~~~~~~~~~
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I I I I I I I i

O. lpsec/div .

(b) 

~ = 12.079 

Nh1 3

Cu:Ge DET.

LP F iLTER Q

I I I I I I I I ~~~~~

0. 2psec/div.

(c) p = 5.3 T~ RR Ni l
3

A 1 2 . 0 7 9 4  jim —

R ( 3 0 )  9 . 6  pm PUMP —

I I I L I • I I I _

o . I sec /cl i v .

Figure 10. ~ c ( I  ‘ traces 01 12 .0794 rm NH 3 s i n m m - m i  let v - i t  i m m s
ei — s ; l l  ~~~. 
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is decreased . A little structure begins to appear at a cell

pressure of one torr. Decreasing the pressure even further

produces pronounced structure as is observed in the remaining

traces . A tinme resolved frequency study should  be accomplished

for a better understanding of this data . Study of the FIR

emission lines may prove that competition processes will ex-

plain this behavior .

In sunm~ary of the presentation of the 12.08 jim results ,

a table of typ ical operation characteristics and pertinent

spectroscop ic i n f o r m ation is given.

— ~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~
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Table 2. Sunuliary of 12.08 pm Data.

SPECTROSCOPIC SUMMARY

E M I S S I O N  F R E Q U E N C Y  — lAND W A V E L E N G T h !  8 2 7 . 8 7 6  cm 1 2 . 0 7 9  pm

E M I T T I N G  TRANSIT iON sP (7 ,O )

ABSORBItIt~ TRANSITION
AND FREQUENCY sR(5 ,0) 1084.628cm

CO2 PUMP TRANSITION
AND FREQUENCY R (30) 1084.635cm

PUMP MISMATCh ! — .20 GFlz — .007 cm 1

TYPICAL OPERATING CHARACTERISTICS

CO2 
TEA LASER

MIXTURE 10:1:50 CO2 :N2 :He

POWER 1.2 MW

PULSE LENGTh ! 160 nsec FWhIM

MODE Ch ARACTER
L O N G I T U D I N A L  S I N G L E  MODE

T R A N S V E R S E  LOWER ORDER

N i l 3 12 .08  pm EMISSION

CAVITY C O N F I G U R A T I O N

CAVITY I1I-~N (~T Ji  1 .3 m

OPT 1tUU-l P R E S S U R E  “~ 2 .0 TORR

OUTPUT POWER “~ 1 kW

PULSI-t LEN(;’I’iI l)1:I’12tDS ON h’ Ri- ~SSUR l-

______ _________________ -- 5-—~~~~~~~~— — — -5  5— — -~~~~ - -  —~~ — -_ — _ ~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table 2 .  Summary  of 12 .08  pm Data.

CAPILLARY CONFIGURATION

CAPILLARY LENGTh !
AND BORE l m  2 m m

OPTIMUM PRESSURE ‘-ii 4.8 TORR

OUTPUT POWER ‘t 2 kW

PULSE LENGTH DEPENDS ON PRESSURE

CONVERSION EFFICIENCY .33%

— - — ~~~
_
—-5 -- -- - -—~~~~~~ — 5— ‘~~~- ~~~~~~~~~~~~~~~~ - - - -
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2 . 3 6  The 11.46 pm T r a n s i t i o n

The d i s t i n g u i s h i n g  f e a t u r e  of the 11.46  pm e m i s s i o n  l ine

is that emission occurs in the absence of a population inver-

sion. This type  of c h a r a c t e r  is true for a stimulated Raman

emiss ion  l ine .  A Rattan emission line is tunable , by tuning

the pump ing radiation. This tunable feature is desirable

fo r  many  reasons and makes this emission line important.

A p a r t i a l  energy  level diagram is shown in Figure 11.

The transition structure is similar to the 1 2 . 0 8  pm f i g u r e .

The pumping transition is considerably further from resonance

in this case. A pump detuning of 1 . 4 4 5  Ghlz  has been measured

by Oka
12 

using infrared—microwave double resonance techniques.

Two far IR transitions have been observed in conjunction with

this pumping transition . The 281.27 pm transition is observed

as a cascade transition following relaxation (or emission)

f rom the su 2 ( 2 , l )  level  to the av 2 ( l ,l) level. TI-ic transition

wave leng th  is 2 .13  mm and is not observed . The other FIR

transition occurs at 256.7 pm. It results from a cascade it-ito

the level be ing  pumped (Ga(l ,l) level) from the Gs(2 ,l) level.

Gullberg , et al.
5 noted that this transition e x h i b i t e d  l i t t l e

polarization discrimination and attributed this fact to a

long relaxation tin-ic for filling the depleted lower level.

Also noted for the 281.27 jim transition , the emission was

sensitive to l o ng i t u d i n al  t u n i ng  of the pui~p radiation.

The dashed I m ans i Lion at I (,5 pm and a microwave t r m n s i  I ion

_ _ _  _ _ _ _ _  s .
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at 13.48 mm (not shown) shoU ’ d h e  oPs - r  ved as cascaile transi-

tions from the 11.46 j im I l I C .  TIme nn i c  re,-,- lye lim e- is expected

to ha v e t~ ie higher gain , ai - 1  as t n u t  e t ( r e  t u n e  likel y .

A w a v e l en g t h  scan is sh w r i  in F i g u r e 12 . The m e a s u r c ’g

wa v e l e nu t h  was det ’-rmiti ed u he II. 463 . 008  t i t . The value

determined by Curtis is I1 .4~~Q 5 j i m .  The a g r e e m e n t  be tween

m e a s u red  and assigned v a l u e s  is th e r e f o r e  e x c e l l e n t .

D i f f i c u l t ’ :  in m e a s u r i n g  the output characteristics of

the ii. 16 pm line was encountered because of the lack of a

good filter to discriminate t he  pump and Li-ic e m i s s i o n  ‘,- i ve—

lengths. Ti-ic transmission of ti-me filter was measured to be

on the  or d e r  at .1% at 10.286 pm and about  3% at 11.46 t a.

The t r an s m i  tt ed CO 2 10 pm r a d i a t i o n  was g r e a t e r  than  the 11. In

rn t r a n s i t i o n- i  e m i s s i o n .  S tudies  were accompl ished  th roug h the

h e a t h  sp e c t r o m e t e r .  For t h i s  reason good o p e r a t i n g  c h a r a c t e r -

i s t i c s  da ta  are  not  g i ven .  The signal is weaker that-i the 12.08

pm t r a ns i t i o n  and o p e r a t e s  from 0. 5 -
~~ 1.8 torr for a 1 MW in-

pu t .

The feature mentioned earlier of particular importance

is t he  lack of a population inversion . This may be shown by

examining the  p a r t i o n i n g  of the p o p u l a t i o n  a t  e qu i l i b r i u m .

The p a r t i t i o n  f u n c t i o n  for the population is g i v e n  by

Equation (2)

H I  F )  (~~
> 1 4 1 )

~JK = 
~~ ~~~ 

e~ p 
(_L

JK /kT) 
( 2 )

4 1 t 1 I 4 1 Tm ( k’i ) -

I

-
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S(I ,K) = 2(412 + 41) E Nuclear ~ttatistics (2)

I = -
~~

- fo r NE 3

B ,C usual spectroscopic meaning

-l
B = 9.944 cni

C = 6.196 cm

EJK = energy of the level

kT = Boltzmann factor times temperature (~ 207 cni 1

at room temperature)

(2J+l) = degeneracy factor

The actual population in a given level may be calculated

by multi ply ing the total number of molecules present by the

partition function. For the discussion here , onl y relative

populations need be considered .

The diagram shown in Figure 13 will , aid in ti-me discussion.

g 3The population inversions , N
3 

— — 11
2 ~mn-id N

1 

— -— 112 ,  are to
cJ _ ) g~)

be c o n s i d e r e d . For n o r ma l  laser  g a i t - i , t i m e N — — N . factor3 y~ 2

must be greater than zero . The most  p o p u l a t i o n  t ha t  c ar - i  be

depos i t ed  i n to  the  s(2,l) level occurs when the 10.286

pm t rarm s m l ion is saLur m Led . r I n i~~~ p o p l i l a t  ion t h e n  becomes

(1
1

÷ 

~
ç N~~~~J/2 in 10th t im e Gi (j ,l) and s (2 ,1) s t a te s .  ‘l Ie

values I or t lie r~-l a L Iv ~~~~~~~~~ l i t jnn h ive- i i  read y b - - n  del e t  rid lul l

- ~~~~~~~~~~
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for these levels (see Table 3). ‘ih e value ci N 4 — —  N ‘2I y 3 J )

is determined to be 1.75 x io
_ 2

, this value is smaller than

the p o p u l a t i on  in N 2 which is 4.98 io
2, hence a popula-

tion inversion is impossible (under equilibrium considerations).

I

Table 3. Partition Function Calculation Results.

LEVEL E N E R G Y  DEGENERAC Y RI-J A T I V E _ p o l - u i A ’ r I ( p

Ga(l ,1) 16.9311 cm 1 3 3. 45 - l0~~
— 1 —2

Ga(3 ,l) 116.2485 cni 7 -l.~l8 10

v2
s(2 ,l) 988.8132 cm

1 
5 5.25 x lO~~

--5—
Fo r R a m a n — l i k e  g a I n  the p o p u l a t i o n  i n v e r s i o n  is l e t e r t l i m re- i

g 1
by Ml 

— — 11 2
. It is readil y seen that an equilibrium popula-

tion inversion can exist in this case.

The lack of a normal laser p o p u l a t i o n  inversion has led

L I ~~ t ime  c o n s i d e r a t i o n  t h a t  the o b s e r ve d  l i n e  may be a stimulaLed

I- im an s- m t t - r t d ( S E S )  e m i s s i o n  l i n e . The SES l i ne  w o u l d  be

- ‘I I - - I t o ar -i off—resonant e n ) s s i o n  l i n e  is ~ m - ed i e t i ’ d  by t h e

1 1 14 F
l i i i  u — I - v o l  - m t i i l v s i s  of d ivan md others.

A t ‘ - - i i i  t o  op e l  i t  m g  c h a r  u - l e t  i s t i c  wa s  11 )10 (1 dItri n I ox—

h -r i t m - r i  t ii :; tim d I os ci the 11 . 4n i i i  en-i i ssi en 1 r u e .  The O ut  p u t

s i gri m 1 was S t  1 011 (1 1’ ,’ (1’ ) ( ‘ t i  I ’  t i  I ( t i  t i e  ~ np -it t I ring i t ud i n t l  t i i ’ ) i

St t I i i ’  H t y . Wli ’ - n I I i i  - ~~~ 

~ 2 
I - I ; ’  - ‘ ‘ d’  I e i ’ I - , I l i t ’  ‘ri ot ‘ty of I i ’  -
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Table 4. Summary of 11.46 pin Data.

SPI-:C’I’ROSCOP IC SUMMARY

EM iSSION 1- REQUENCY 1
ANI) WAV E LENGTh 872.565 cnn 11.460 jam

E M I T T iN G  T R A N S I T I O N  a P ( 3 , 1)

A B S O R B I N G  T RAN SI’l’ lON —1
AND F R E Q U E N C Y  aR ( l ,l )  97 1. 881 cm

CO2 PUMP TRANSITION -lAND FRE QUENCY R (l4) 971.930 cm

PUMP MISMATCh —1.4 45 Ghlz — .049 cm ’

T Y P I C A L  OPERA T IM G CHARAC TERISTICS

LASER

• 1-U XTURE 10:1:50 C0 2 :N 2 :i l e

1. 0 11W

PULSE LENGT h 160 nsec FW 1IM

MODE C 1IA RACr FER

LONGITUDINAL SINGLE MODE

TRANSVERSE LOWE R ORDE R

N i l 3 11.460 p in I tI1SS 1011

CAVITY CON F I GB RAI l (111

CAVITY Ll :tGThl 1. 3m

OPTII-IIIM I I t L S S U R E  ‘~ l . 2 TORE

OU’I’PUT I’ m mOP E U N K N O W N

(‘ i ) V1 - b-m ~- I I I  i-~FF- ’ IC i  h - tttCY Nl-~1J (iE’~-J

OI- ’l- ’— R I - i i ANC i-~ DATA PI -N ~ I I T t ~

‘1 V
i i  

23 1-lliz/’I’ORR t . 2 7 3  1- 1iL/ h ) l ~ l~

11. -I ( u r n  I i l - 2 1 t ’ N I N G  1 .139 1 . 2 1 7

10.288 rti M E T I I M I  N O 1.3 52  1 . 14 5

- 

_ _ _ _ _ _ _ _ _ _ _
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pulse is spread out over a wide frequency spectrum around the

center frequency. The output signal at 11.46 u rn  is random

and very weak when mode locking occurs. Operating the CO2

laser on a s ing le l o n g i t u d i n a l  mode y ields a s t a b l e  s i g n a l

with a relative output more than 20 times stronger than the

mode locked case. The emission linewidth of ti-me CO2 
laser

stron g ly depend s on th e longitudinal mode structure of the

pulse. This phenomenon is not observed fo r  the  12.812 or

1 2 . 0 8  pm emiss ion  l i ne s .

The lack of a p o p u l a t i o n  i n v e r s i o n  and t i - m i s  p e c u l i a r

o p e r a t i n g  c h a r a c t e r i s t i c  has  prompte d  i n v e s t i g a t i o m i  of the

o f f — r e s o n a n c e  behav io r  of the 11 .46  pm e mi s s i o n  lb-m e .  ‘ ib i s

t r e a t m e n t  follows a list of o p e rat i n g  c h a r a c t e r i s t i c s  f o r  the

11.46  j im emission line , given in Table 4.

2 . 3 7  O f f — R e s o n a n c e  Behav io r  ‘~tud y Process

The s t u d y  of s i g n a l  d e t u n i ng  is a s u b j e c t  of pm - s s u r e—

broadened s p e c t r o s c opy  . The m e t h o d  cra p Ioyed  i s desc’r l e d  I - (  - —

low , a nd c o n s i s t s  of 6 s t e p s .

I . Calcul ate em I ss ion matr ix e l o m r n  - n t  s I romn iva i lable

d a t a  , ar - mci ob t a in - i  a pro s su re  b roaden  big r a to f or  t he t r a n t i  m t i on

of i n t e r e s t .

2 .  C a l c u la t e  L he  app iopnia t e I - ; m n s t e i n  A c u e l f i c t e n t .

3. Caicul ,it ’ 1 t u e  c - n t i n  a i ) s o n l t i i i t i  to d~~t ‘ t t i m i uu ’ a p —

pro x  i ma I ’  I en’ I h of * -x l ‘n I naomi L i  I m b mu r id e u  u i -I I

-1 . l x f ) e r  i i t i e t i I . i ]  l~ i i ’  m m i i ’ ‘
~~

‘J ’ ‘ ‘ ‘ i - a t m ;  l - r r ; ;Imn( ’ ; - ; ‘ i I I ’ ’ m .

_______ - -- -5-—~~~~~~~ -~~~~ -— -- -5 -- —-5— —-5— - - —- — _~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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5. Leas t  squares  fit data to t h e  e q u a t i o n

= a exp(+b 
~ 

~~~2 ) ( 3 )

a 1 for good data

b absorp t ion  c o n s t a n t

p = p r e s su re
• 

I length of the absorption cell.

6. TI-me detuning is then calculated using

2 dJ
— X  A ~v 

2.
2 

21 II

2 
(lIz) (4)

8ir b

The calculation -is are presented n e x t .  One discrepancy is

n u t  ed , the partitioning fractions caicul ated previousl y do

not agree with ti-me values used in-i this calculation . r1~ii is

lti )~.”ever is a small difference and of little concern to the

validity of these calculations.

The c o n s tant s  used arc baser!  on tim e data contained in

t h ~~m C u r t i s  reference. 18 Add i t iona l  r e f e r e n c e s  are c o n t a i t t i d

in the bibliography of this reference .

The m a t r i x  el eme n t used is ti-me m i t  rix el eunr’n t for ends—

S ion ( n o t  ab so n i t  i o n )  h e n ce  t i e ’  in I I r a I u t  i t  c quan t u t u  n - m i a m I  -

ar e  user! t:o d i i  ermine t i m e d i r t - - I  j o n — c u s i n u m ’  m m m l  ci t im. ’ t r i a l  r i  x

el -ruue n t. . Fm . u b m ~or p t  i o n  of I I i i -  I~~ 14) OH , I~ u m ;. ’ r t t i ns it ion ,

Liii ’ 3i )S (inlI iuiq t ransiti o n ir; thu ~iR (I ,I) . P - i s s i - m r t i m m - r  t hi s ,is

an e m i t 1 i r m ’ m  t r i n i s t t i ’ ’ r i  e- i u i r i  -
~ ‘ - l i i  a 5 p 12 jj

t i d - r i  i 1  t c i 1  m i .

-5—--  —-5 -- --5- — -5~-~~~~- — - —5- —-5-~~~~~ -
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Thor of ore

2 
— 2 J

2
-K

2 
— (.23)2 (22_ 1 2)

I m i SP (2 l)e! — 
~~ J ( 2 J~~l )  — 

2 (2.2-i-T
t (5)

= 1.587  ~ l0~~ D

- 

- 
The A coefficient is defined by

A = ___  = p 2 
= 

p~~(D) 2.9 lO~ sec~~ (6)
o o A (pm)

Substitution of (4) into (5) w i t h  \ = 10.288 pm yields

A = 4.2265 sec 1
aR (l ,l)

~ I The next thing to be calculated is t i e  l i n e  cen te r  abso rp—

(I 
tion coefficient for the transition . Ti-me sn-mall signal absorp-

tion coefficient is needed so ‘
~~
‘sAT 0 is assumed ar-md Equa-

tion (7) results

= ~___;±~~ __ — [~ J N1 + N ) N I o r  ( 7 )
4 mm cj

1

is the l in ew i dt h  p a r a m e t e r .  N 1 and N ., ‘ire partitioninq

fractions. g
1 
(=2J

~ 
+ 1) and g 2 (~~2J 24-l ) •m ne time dege te- rn -y fac-

tors of t he  l u w m ’ n  and Hil l ier l eve ls  rcr ;j- . - c t iv iy . N
101 it ; th e-

total mi mimni b er ci m o l e c ul e s  pen  cubic cen t i nli c’t ( x ire! in a 1 t r i m - I n

funct~ t i n  of g i n  p - s su r e .  ‘I li ’ s tan di m 0 vi hi t  o i m  a l t o- - I t r u n

- - II - mao I t - c u t  l i i i  Nthe ideal ‘i ts l a w  is 3 . 3 10 -— - =
l e t )

i ’m Lot r

~~rIi.5 __ — — —.— —.- ——-- -----———- -5—-— - -- -— - - -— — — -  — -
~ 

S- ,•-~~_ 

~~~~
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A v a l u e of 2 3 ~3 MiIz/Lorr was found in ti-me literature 16

for  ~~~~~~~ N 1 was calculated to be .02001 for the Gs(1 ,l)

level. The value for N2 was 2 orders of magnitude smaller

and is therefore neglected . The partitioning fraction does

riot include the inversion splitting effect. The partitioning

of a given rotation state into its symmetric and antisymmetric

levels must be related by a Boltzma nn f act or as shown below .

a

(J ,K)  ___________ L~E
lt
~
V

..-. S

NJK a - •inv____ = exp(—~mE /k’I) . (9)
NJK

5

For the ground s t a t e  where ~E m n v  0 .  8 cni 1 and room tem-

pe ra tu re  ( i . e .  , kT 207 cm 1) N - N , , so ti-ic populationJF 1 U K 5
sp l i t s  evenl y between-i  the two l e v e l s .  At additional factor of

1/2 is r e q u i r e d  to accoun t  f o r  L i d s .  T h i s  sant e a j - ~- r o x i n m a t i c n - m

is less s a t i s f a c t o r y  f o r  Li -me v 2 stat ‘ -  ~~
_-

~~~~~ 
. 84~~and i n v i l  dl

the 2v 2 s t a t e  
{
~~~~± 0. 25J . Rewritin g 1-; quati on i (7) w i t h  tim ’-

as sunn p tm otm s just di’~~cr ul ’’ -d y e’ h im ;

- ‘ 
, ‘i’O’l’ 

f 
1 1

~ 
I t  = , - .

l
N I ) (.10)

4m J ~~~A 11 J

Subs Lit u Lion of a h i I lie Va I U ’ S  i i  ‘ h - t o !  r I , i i m  - or  th e  m E  ( I , I

abs orpL ion i t r insi Lion yield s

-5 - - 5 - - - - — - - — ~~~~~~~ — ~~-5 ~~~~~~~~~~~ - — ~~~~~ —-~~~ --- -—-5- --  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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ct (l torr) = 2.691 cm 1

Similarly for the aP(3 ,l) with a transition wavelength

of 11.46 pm yields and emission transition moment of 2.821

x 10
2 
D and an A coefficient of 5.436 sec 1. The population

I par t it i on ing f r a ction is fou nd to be 0 . 0 2 8 7 3 .  U s i n g  a l l

~~ these values  leads to a line center absorption coefficient

of 2.662 cm 1
. These results are tabulated below .

- Table 5. Calculated Parameters for Off-Resonance Study of
-
~ 1 0 . 2 8 8  and 11.4 6 p m .

.~~~~ CONSTANT 10.288 pm 11 .460  j im

ABSORB ING
T RJ\NS 1’l’lON aR (l,1) aP(3 ,l )

- e 2 -2 —2mm I (D) 1.587>10 2 .821xl0

A (sec ’) 4 . 2 2 6 5  5 .4 3 6

N1 0.020C- i 0.02873

(1 torn) (cm 1) 2.691 2.662

111h z 
23 23- II  T O RE

2.38 Experimental Determination of O f f-R e s o n a n ce  B e h a vi o r

It Cci fl be si -mown t h a t  b r  off—resonance p u n i p i n o  t he  s m a l l
. 4

signal absorption coefficient (Equation (11)) is I m o l orLi um i l

to the square ot t:Ime })r e s su r ~~ of th e I l t m o r b ( ’ t  . This iim ’l ’e ni c Im ’nn c e

- 5 — --
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2A A 21 g

2 ~ A \ m
H 

2
cx (v) = 2 N2 

— N 1J 
lm j i 

-) (11)
8n ~l (v-v ) (u-v )

0 0

assume (v—v ) > >  óv
o D

may be experimentally determined by measuring the transmission

of the signal as a function of the square of the cell pressure.

The transmission is plotted on a logarithmic axis , whereas

the pressure squared is plotted on a linear axis. Once the

data points are plotted , off-resonance behavior is easily de-

termined . If the resulting data points lie along a straight

line , the line is off—resonance. This assunues that there is

no other absorbing transition contributing to ti-ic overall

transniis~~ion . If ti-mere is another absorbing line , its con-

tribution may be retrieved by recalling ti-mat the  overall absorp-

tion is a sum of the i n d i v i d u a l  absorb ing  componen t s .  The

sloj’&m of the  transmission versus cell oressure squared plot

is a measure of the abso rp t ion-i  c o e f f i c i e n t  dependence  on or e s —

sure  sq r ’a i r - d  of the cell.

An ex p e r im e n t a l  c o n f i gu r a t i o n  to m e a s u r e  the t r an s m i s s i o n

of the 11.46 jim emission versus cell pressure is si-mown -i in Fi g-

ure 14. A situ ilar conf Lgura Lion was used t o  n m u e i s u n e  the f re—

que nc y  offset o f L i m e  R (14) CO
2 laser t nansi Liot i . The n}- ectn ii—

meter , w h i c h  ; ; e r v m ’  to  f n e j u e n i c y  so lecL anel i L tenun to t i m e  11 . 4 ~

pm emission line , was rm ’ i lace i by am - i  i l u n m ’ ’ t b i  n i l  ‘;as cell. ‘lb

CO2 
maca sri renmen t was accompi i slier! w i t h  a f r e q I i t ’n cy  st a! - 11 .: - - 1

— — — — -5  -- -5 — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Cl’. l a se r  mounted  in am -i i nva r  s t r u c t u r e .

The results of ti-me two experiments are shown in Figures

15 and 16. Note the sn-mall an-mount of scatter that is observed

in Figure 15 , this is a direct result of doing the measure—

mont in a CW (continuous wave ) rather than pulsed mode. To

It  ob tain some of the h igher pressure points a shorter cell was

needed to increase the detection signal-to-noise ratio. Ti-ic

correction factor is easily attained by raising the transmission

measured to the ratio of the new length to the old length

power. This is needed so that all data points can be plotted

on the same graph and is expressed mathematicall y by

1
1
(12

) = 12 [ T ~~J 
= 10 exp (-~~

c
1/ 1

i
2
) (12)

1 
old length

S new length

10 initial intensity

II. transmitted intensity throug h —

12 
5 transmitted intensity throug h ‘ 2~

A least  squa re s  f i t  to t l e  f u n c t i o n  y = a1bX 
~~~~

. 
~~~~~ tran—

simission , x is pressure squared) was th e n  a c c o m p l is h e d  f o r

tfie two cases. The results of these calcutaL ions ame tabulat m l

• below.

--5 — - --— -- -5 
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.1 I I I I I ~~~~~~~~~~~~~~~~~~~~~

Fi gu r e  15. CW CO
2 (R(l4) (10.288 p m )  ab s o r p t i o n  in 011

3

1.0 -

.9

.8

.7 . .  
.

. h - . 0 0
0

(1) 
~5 . .

ui
I--;

J~ 
.4 .

~ .3~~~~- 
.

.
.0 0

0

0

0

0
0

0 0
.1
0)
.08 0
.07 -

.0 1, . -

I I I — — 4 -- - —— - ________

l i - n - i t .  - h i , . N i b to’ It - - 1 -  - - t  1 on  I at 1 1 . -
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Tabl e 6. I - x p m ’ r i t m - t l t a l  L)mt :a b u r i t i n a r y  fo r  ()t I—L-so t ommi o e St iiI ~
of 10.28 and 11.46 pm Lines.

11 ( 1 - 1 )  1 0 .  2 8 8  jim 11.4

TRANSITION a R ( l , l)  a P ( 3 , 1)

FREQUENCY 9 7 1 . 8 8 2 1  8 7 2 . 5 6 4 7

NEAREST AB SORP TION S

LOWER aQ (1,1)5u7.885-1 aP(3 ,2)871.7371

h IGh ER 2sR (1,0)987.7743 872.9884

CELL L E N L ’I  11 = 1 2-1 . 85 cm 24 . 85 cm

01 ) 1-U ER OF DATA
POINTS 13 41

a 1.1077 1.0017

b -4.8738- 10 -6.7402 l0~~

= b / I  _ l . 9 6 i 3~~l0~~
1 _ 2 . 7 l . 4

The a c t u a l  f r e qu e - i cy  d u t u n i m i ’j  nu iy  be c a lc u la te d  us  i i i - ;

Equ a t io n  ( 11) . r l.hle popula tioti in - i level 0 is sinaI 1 c nm -] arr-d

to the  g r o u n d  st at :e and is L h e r e f n r o  a e ’ ; l u l ed .  ‘ l b -  a d - l i t  1 1 t h

factor of is included to account or LI; - in ~~’er sii ii - m g - l i L t  t t u

of L i i i ’  ground :,l i L o . ‘l ’hm ’ i e s r n l t  i ts ;  
~~~~~~~~~~~~~~ 

m en is (12)

- A
’ 

~~
i
2 I 

‘ h i  -~~

— ~I ) = - - —- -—

I) I t - -  -
S i t  m l

(: . )

— 1 8 7 I 1f l h 8
~~~~~I 2
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= (v — v ) = 1.3517 -‘ 1O
9 

liz 1.3517 GiIz

Ti-me value casured e xp e r i m e n t a l l y  0y Oka 1 2 
is 1 . -145 Ghi z

This va lue was used to recalculate the p r e s s u r e  b roaden i  nq

coefficient. The new value for lO l l  is 26.273 MhIz/torr. ic r—

forming a s i m i l a r  c a lcu l a t i o n  f o r  the 11.46 ~m transition with

Av
11 

23 HIlz/torr yields a detuning of 1 .139  G i l -i .  With tIH 1 
=

26.273 111hz/tort ti-me calculation y ields a d e t u n i ng  of 1.217

Gilz .

The experimental fri l e n w -y  dot uning result m m  for ti -me 11. 46

pm emission and ti-ic 10.288 tn ab so ipt i - i i  a r e  1. 139 Clii and

1.3517 GhI z for a pressure i l n o , m - l - n , i n i - m  c o m - ~ l c i e n+  of ~3 Ohlz/

torr and 1 .217 Ghh z and 1 .1 -1 5 c l i i  t ’ - r -  - 
-
, = •)m ~~,73 ‘liii to m r.

2 . 3 8 . 1 D i sc u s s i o n__of !i ( L u t i s t  E ’- - m l t s

lO-:c -llent a’ireenuent hm ’t~-.- , - -ni m m l i ‘ n-i c ! . 1 - I ’  ¶ u n i ni ’ ; 151

our measurenrient of t h u  CO R ( 1 4 )  m - n l U S S l o m ,  i l l ’  \s’ I ’ i i  H - -  sR (i ,l)

transition in 1-U I 3 was ol’t t inind . ‘I’hv u n-m o -~~~~ t he- n ’ n - i ’

s Labi 1 1 md CW CO., Li si r made I hm ~ 
- O a t  i a I ”  i ~ 

‘ - I - t H. -

experiment nel,i t ivm’ Ly ean;y. ‘l’he s inmi ~- can t m  • I ’ m -  a m i d  to n H--

1 1 . -1 6 pm cmi st; n orm I in - i ’ - . ‘h’h’’ n . m  I - m w i  mm d i  t I c m i  It to I - I  - I - i i  ni - m m -

On i- me ana I y ie’ l q -  ‘ - - i n  a t o  I I ,  - in  m - r n o t

The t rcqum ’ticy o f  Iset of t In- m - i u m m s s i m - n  l i n e  at i I . 4 m -  ~ m ; i  i ; —

j i -  m r s to I~~- shill I --h closet I ri-son inca ’ t h i n  lii - 1 1 ’  M l

r m n s i t  J o n . T lm n a is t i l l I ho . - x ) - - c t  i ’ d c , i ; m e .  A a iti - t i c ’  } lmO t. (’mm
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exh i b i t s  a field which Stark shifts the appropriate levels

out of resonance’, 1 0 -  observed case is the opposite. Im-

mediate --:- :planatie -- rm s ot t h i s  obse rvat ion  are  not  available.

E x p e r im e n t a l  e r r o r s  cou l d  occur f r o m  a n u m b e r  of d i f f e r e n t

sources. An additional absorpt an l i n e  may be c o n t r i b u t i n g

to t ime  i -i easured  t r an s m i t t a n c e .  This  is ve ry  d o u b t f u l  because

- - - 28of the high resolution spectra observed by Curtis , shows

relative isolation .

It is km-mown that t h e  pressure broadening coefficient of

- - 17
1111

3 
is 1 ’ - p u t i d e u t  on its J and }~ q u a n t u m  n u m b e r s .  The a c t u a l

dependetic -c is n o t  pe r f e c t ly c l e a r .  Th i s  is p r o b a b l y  the b u T —

yest sin- 1e reason for the  d i s c r e p a n c y .  i-~eas u r em e n t  of the

e m i s s i o n  I i n i u w i d t h  as a f u n c t i o n  of p r e s s u r e  shou ld  d et e r min c -

if t h i s i s  t h e  cause .

The d i sc repancy  in the f r e q u e n c y  o f f s e t s  may invo lve  ~ onne

n o n — l i n e 4 t n  I r o ~m e S S .  An e x p r e s s i o n  for thc’ si g na l  g a i n  of t in’

t h r e e — l e v i - i  sy s L em  s i - m o w n  in Fi gu r e  17 has  H ‘em - i  d e r i v ed  b y

Cole m a n . 15 S i n m m i l a r  r e s u l t s  have  l i e -en  o i l  am en by Yn m n m i
1 1 

- - m l

13 - - - -J a v a n .  F ig u i  c’ 18 d e p i c t s  s eve ra l  si  atial t am cat -vc- s i n ;  a

func t ii ’ ni of pump c I e t u n i n n j  i t t  t m - m i n i m ;  o f  I i nn . - -,’ i i t h s .  C o n i m  a n t

pinnup jut - n i s  it y i s  a s s n m t i i m  ‘ I .  1-or t o - a r  r e m ;  r a n t  c r 1 - I  i t  o m i t ; , a

d o i i h l c u  1 - 1 k  a p r - - i r s  i i i  L i m e  ‘ ; m i m i  ‘ m t r v r - . i - o r  - m  c,i~’ m ty c’o t - i f i ;ur~i—

I t ’ t i , t i m ’ -  tj~~~i i n t  i n ;  m r t 1 L i ~ - h i e d  by L i m e  ( ci t i m e  c m v m L y .  i h ’ - r e —

t i n e , it Scents i - l a u s i l l . - t h a m i - t b  i:o m u 1 - ’ n i i -n l 1; n ui rl it i-o

sr - nve d  i n  h i m ’  m - n l m n u t ; i O I i  t i m - i n  t i m ’ ’  S m I ; t m 1 I  I r . - . h i t e m u m y  f - n  d i f f o t  - n t

IIiii~ - _______ ~~~~ _ __ ._ti. - — ~~~~~~~~~~~~~~~~~~~~~~~~~ -‘
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Fi qt nn o 18. ‘ I ’ h m - o m n ’ t  i c i l  d i g ’ m ’ s  o f  t ire m n ; m ; i l  I m m c -  m i m i - h r t ‘ - u I - m i m n O
ntd ( i f  I — n on ; ’ t i ~ i t i  I n u l l  t i l t i~ t Iii ;,‘ i n - l  tim e—

i c -v - i  s y n t m ’ n u , w h o l e  ‘ l I~~~ 3~ 
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component  g a i n s .  I f  t h i s  were the case , a s u i t a b l e  e x p l a n a t i o n

could be obtained . 1)uring the  transmission versus cell pres-

sure experiments , instability was observed at low pressures

(< 1 torn) for the transmitted 11.46 jim signal. Addition of

more NH
3 

to the absorption cell eliminated the majority of

the instability. This may or n-may not be experimental evidence

for the existence of a two component emission line.

Whatever the case , this problem should receive additional

attention. As suggested earlier , an infrared—microwave

double resonance experinment may indeed resolve these questions.

The results indicate that ti-me 11.46 j,nn emission line is

off—resonance . I-’urther conclusive s Li t o n i n c m n t s  r e g a r d i n g  its

Raman n a t u r e  r e q u i r e  f u r t h e r  i n v e s ti ga t i o n .

A,
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2.  39 h i gh Pressure  Pure Ro ta t ion  ‘ l ra n si t i on s  in N i l
]

Superfluorescent FIR emission at 26.44 pm has b~eeri ob-

served by optically pump ing the sR(4 ,3) V
2 

2V 2 “Hot Band”

t r a n s i t i o n  of 011 3• The pump source is a single—mode 1 MW 00
2

TEA laser , operating on the P(24) (9.586 pm)transition. Two

additional FIR emission lines were observed by optically

pumping a cavity . The experimental results have been spectros-

copically identified and are summarized in Figure 19.

The three emission lines all exhibit the same- 1-ressure

dependence . All the lines emit at pressures exceeding 10 t o r r .

This f e a t u r e  is unusual for pure rotation transitions. Rota-

tional relaxation usually overcomes time population -i inversions

needed for gain-i at pressures greater ti-ian 5 torr . Hi gher

pressu res  are obtainable by using much higher pump ~owc’ r s .

The lines observed do not require ti-ic higher pumping power.

The expe r imen ta l  appa ra tu s  used f o r  ti -me e x p e r i m e n t  h a s

been described earlier. One modification has beet-i imp lemented

which increases  the FIR out put  power by a factor of t w o . A

5 . 6  mm bore Pyrex  cap i l l a r y  tube , w i t h  h o l e — c o u p l e d  m i r r o r s

f o r  feedback , is used as  the optically l ui l l i i l h l lasc- r c u - 1’iH .

T I -mis monl i f ica L ion serves to  con-i fin -me I i i -  - pu i n mpi u - i ; n ì d  b i t  i u n  I

the  ac t  i vy  r eg ion  of Li - ic pumped  ca vi  I y . ~~m g - i  - I I i u o n o s c . - n L

emiss ion  was observed by r e nm o v i n ly  one or both of ti e - f~- edb - a’-k

m i r r o r s .  An m I m i - r o x i n m a t e  f , i c L o r  of  t~~i) ~h , ’ i t  m imi c in the  O u t  n t

power i s  ii se rvcd  when no f e e d ba ck  i~~ i i mm -d as c - i l n u } i n . -d t I

s ing I o I n ’  r i !  u ii: H m i r r o r

- - 
-- - _
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The operating pressure for the 26.2 pm supcmrfluorescent

emission line is h ighe r  than  for  the same line in a cavity .

Figure 23 shows relative output versus cell pressure curves

for the 26.44 pm line in an unmodified cavity . Various con-

c e n t r a t i o n s  of hydrogen have been added as a buffer gas. For

a m i x t u r e  100:1 (1I
2 :N11 3) operating pressures in excess of

100 torr were obtained . Subsequent studies using different

concentrations have yielded emission at pressures greater

than  200 torr. Figure 21 depicts a pressure curve of the

26.44 pm line in the m o d i f i e d  c a v i ty .  F i g u r e  21 shows a

relative output versus cell pres su re  curve  fo r  the  2 5 . 4 7  pm

line. The two curves are normalized to the same relative out-

put , but note that the relative output scales arc- different.

The hi gh operating pressure may be explained quite

simply. Nost opticall y pumped pure  r o t a t i o n  t r a n s i t i o n s

pump molecules from the ground state to a vibrational state

determined by the frequency of ti-ic pump laser. For “hot band”

absorptions the  level  being pumped is sonic v i b r a t i o m a l l y  cx-

cited s t a L e .  The e q u i l i b r i u m  i~o i u l a t i o n  d i s t r i b u t i o n s  ( i . e .

partition functions) are c o n s i d e rab l y  l ower  in the  v i b r a t  i o na i l y

exc i ted sta t e a s conm parcd t o t i n ’  ground state. ‘l’he act mm ,ml di t —

f c m re t ice  is d e ter m i  mcd b ‘y a Ho 1 t z n u a n m n  f a c t o r  and any ci ’ - ‘e m i t -n ~icy

t e r m s  t h a t  a re  I l I l - r o p n i a t e  . In Ill ] the lower sta te I-ei im t

pumped is a p p r o x i m a t e l y  1000 cm ’. ‘Ib is leads to a f a c t o r  o f

d i f t ’ - t  m u o n -  in pi u p ut a t ions. ‘l’he r e l  ‘ l t  ( -  ad - hit i l I t l i l  1 t n - ssut e 

~~~~~-—- — ~~~~~~— --— — - —— — —~~~~~~—-- -5 - 5 — —  5 - - -
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is needed to obtain-i workable population in the vibrationally

excited 02 state .

Anothe r  factor contributing to the h igh  ope ra t i ng  pres-

sures is the exis tence  of large inversion splittings in the

20 2 s ta te  of N i l 3 
(n ~ 285 cm

1). Rotational relaxation in the

202 
st ate is not a resonant process and hence much t rans la-

t ional  energy is requ ired to conserve ener gy in the relaxation

process. This imp lies that the 2v2 
excited state lifetimes

are longer  in the 20 2 than  in the ground  or 0 2 s t a t e s .

Gulberg  et al . 5 reported emiss ion at 154 .53  i~m and

2 7 6 . 5 3  pm by pumping the same sR (4 ,3) 02 
202 

“hot band”

absorption. The pressures used in his experiment are s i m i l a r

to what we have observed .

In sunllnary, we report superfluorescent emission at 26.44

pm and emission at 2 5 . 8 8  pm and 2 5 . 4 7  pm op t i ca l ly pumped by

CO2. The experimental results are summarized in Fi gu re  19.

2 . 4 0  4~~~ical Pump ing of Phi 3

The ma jo r  p a r t  of th i s  year ’s experimental investi gation

has dealt with V—R transitions in opticall y pumped Nil 3
. Nil

3

is an examp le of a pyrimidal symmetric top molecule. P11
3 is

a s i m i l a r  molecule  w i t h  n e g l i g i b l e  i n v e r s i o n  sp l i t t  j u g s .  The

op t i c a l  I nop ’ u n t i e s  of 111 3 I r e  y X j : i .  t m -d to br -  v er y  simi l,m i t o

NIH . The s i mi ia r it i e s  b e t w m ’c’ n 111 3 and N I H  h a s  promp t I i  t b -

s tudy  of an o p t i c a l l y p um ped t m u m m - m h -  I~ ’ lam ;r ’t  i n  P11 . l i i i ’  n e su l  t s

to be presented are the results of a lit u -r a t ure se,u me l t  and

_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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experience gain-med from the stud y of Ni l
3 . E x p e r i m e n t a l  con-

f i r m a t i o n  of t h i s  idea has not yet been-i accomplished although

discre te  laser signa l s  have been observed .

Shimizu ’9rccently investigated the laser Stark spectro-

scopy of PH
3 

using N20 and CO2 lasers. The data obtained in

this referrence identify the laser pump lines and the cor-

responding absorbing transitions.

Yin and Rao
20

have experimentall y measured at-id identified

many of the t r a n s i t i o n- i s  in the 8—12 nru i reg ion of Phi
3 . l1ole—

oular constants to determine the energy levels are also pre-

sented . A computer program was written (with the aif of J.

Niesen) to calculate the energy levels and possible transition

frequencies using this data .

Unlike NH3, both the v 2 and 04 modes are access ib le  u s i nr r

a CO2 pump laser. The analogous case to Nil 3 is depicted in

Figure 22. The 02 band is pumped with Frcguency I, and emis-

sion can occur on frequencies II , III or IV . Cascade emission

— (IV) is also shown and may occur. Of ti-ic cases li st - -i in -i

the figure , the ones w i t h  the s m a l l e s t  putup rh t-a tm i n - m s  ( ‘ ‘  ) - u r e

the mos t l ikely candidates.

The feature tha t  makes Phi 3 a likel y candid-mt c- I on - tim oj-t i—

cally ~umpcd tunable laser source  is  I i i -  ,1cC’r - g s  I i  lit y of

o ba n d . The o - and o bands of - m -y r inn jci ,m 1 symnie t r i c t o ~ -

• mo lecu le  a r m ’  Co r io l i s  coupler . ‘Ibis means  t h a t  t h e r m -  t ’x i s k  m u

- i  m a t r i x  e l emen t  P t’14ccn thr 
~2 

,itn l \ ‘ ; s t  i t u - : ; .  ‘Irm- - it O t I S  o f
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m o
2 (J,K) c~i~~ CM ’ (

~N
1 (~ 4 l A (GIL)

9pm nu pm pm

P(26) (5,4) 1041.387 925.85’3 51.315 53.34 62.191 —3.6

10.800 194.875 197.473 160.795

P(24) ( 5 ,5) 1043 .113 927.570 51.192 53.44 62.133 .5

10.781 195.343 187.715 160.945

R(l0) (9,7) 1071.904 881.758 95.544 88.~ I96 101.450 - .3

11 .341 116.399 112.745 98.571

R(l4) (-
~ ,8) 1074.629 868.555 85.479 88.725 117.349 .6

1 1 . 51 3  116 .988  1 1 2 . 7 0 8  25.216

R(lO) (13 ,-;) 1071.904 888.383 94.268 97 .321 86 .200 — .8

11.257 106.081 102.753 116.009

R(l8) (10,7) 1077 . 35 8  8 7 3 . 7 5 0  94. ]35 p4.840 108.76P —1.3

11.445 106.230 105.441 91.939

1

~~~~~~~~~~ 
(J+ l , E ) ~~I

2

= . 58D I I I

(J ,K)o 2

I
(4 ( —~ m ,

C ( J ’  1 , F : )

-i 
- 

H ( , T  , H )

E’i q u t t ’ -  22. -~ L~~:uilly ’m u - i c’r i Phi 3 1 -m -~ s i l t l i t i ” s .  1. tine
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this type have been observed in NH
3

18 and are expected in

PH 3. The strength of the Coriolis coupling depends on the

energy mismatch of the perturbed levels. In NH
3 the mismatch

is the order of 600 cm 1, while in P11
3 the mismatch is only

100 cm ’. Therefore the perturbation (and hence the matrix

elements) are expected to be larger for  PH
3 than for NH3.

The mode is a perpendicular vibration (i.e., the di-

pole is vibrating perpendicular to the symmetric top axis.).

The dipole selection rules for perpendicular type vibrations

in a symmetric top molecule are

A J = 0, ±1 L~K =  ± 1 .

To a good approximation , rotational relaxation obeys the

dipole selection rules. The K part of the selection rule

implies that the entire K manifold of a given J value should

relax very quickly, since all levels in the manifold are

nearly equal in energy. The rotational relaxation to other J

states is expected to be somewhat slower , that  is , similar to

a parallel band relaxation. This will allow entire K mani-

fold of a given J value to be pumped at moderate pressures.

A schematic diagram , detailing the spectra of a typical per-

pendicular V-R band is shown in Figure 23. The density of

lines shown should allow for emission on several of the closely

spaced K subgroups yielding tunable radiation about the center

frequencies. The possible emission center frequencies are
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Co2 iu~ r

TRANSITION ABSORBIN’~ 
‘
~~~(CM

1)
9 pm TRANSITION L~(G}Iz) II— III—

NA 69.7
P ( 2 6 )  p (7, 7) —1.1 

47.3 60.4

p 66.2 68.0
P ( 2 0 )  P ( 8 ,3) —

61.2 64.9

R 85.2 55.9
P ( 1 8 )  P (10 ,2) .4

77.9 51.3

P ( 10) R~~(9 3 ) - 
77.7 60.9

67.7 54.7

H P( 8) R~~(9 5) -1.5 
80.3 57.8

65.3 48.5

P ( 6) Pp (7~~~) 54.7 73.6

NA

w1
± v

4
(J ,K) ~ v4

(J—1 ,K±1)

w ± v (J,K) -
~ ~~ (J +1,K!1)

2’ 2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~J 3~~K
3

) V
4

(J 4 , K 4 )v 2

I

(J 1I K)G

Figure 24. Optically pumped PH 3 possibilities. II. the
band .
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listed in Figure 24. The transitions listed in Figure 24 in-

clude the v4 
pure rotation (11±) transitions and the v2 

-
~

V—R transitions (111±). The listed V—R transitions are P

type (M = -1) transitions , since these are most probable.

Emission may occur on transitions similar to the 
~2 

band, but

have not been considered here.

A way of generating tunable FIR radiation by optical

pumping of PH3 has been presented . Possible emission wave—

lengths have been determined from the available spectroscopic

data . The calculations are based on a literature search and

the experience gained by studying NH 3. Experimental investi-

gation is necessary to confirm these predictions.

2.41 Optically Pumped Spherical Top Molecules

Spherical top molecules fall into the category of a good

candidate for an optically pumped tunable laser. That is,

spherical tops have the following characteristics:

1. small rotation constants are possible.

2. No permanent dipole moment and thus pure rotation

transitions are not allowed .

3. absorption bands are accessible by a CO2 laser .

Spherical top molecules represent our least successful

experimental investigations of the past year. °s°4 ’  SiF4 , and

CC1
4 
were all investigated for optically pumped laser action

with negative results.

S 

--- - ~~~~~~
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The subsequent questions of why the pumping schemes did

not work prompted furtl-’er theoretical investigation . It was

soon realized that spherical top molecules , with their high

level of degeneracy, have non-typical equilibrium population

distributions at room temperature . At room temperature only

30% of the molecules are in the vibrational ground state.

This fact led to calculation of the vibrational partition

function for the spherical top molecules studied . A partial

energy level diagram for O~O4 is shown in Figure 25.

960.5 cm~~

329.0 cm 1

G

Figure 25. Partial energy level diagram of O~O4.
S

The calculation neglected the rotational part of the par-

tition function , because it was hoped to invert the entire

vibrational manifold. The partition function was calculated

at various temperatures. Since a population inversion was

desired between the \)3 and the vibrational levels the popu-

lation distributions saturation of the absorbing transition

from the ground to v3 state is assumed (i.e., NG = N =
SAT V3SATNG +

2 ~ The relative populations are plotted in Figure

It is seen that a population inversion cannot be had at 

_&_ ___~~ — — ______ _.____ _& _ - ~~~~~~~~~~~~~~~~~~~~~~~ .____.__.. __ _~~~__S_~ - -~~--— -— -~~~---~~- -“— --~~~~ 
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TEMPER ATURE ( ° K )

Figure 26. Relative population distribution of °s°4 
as a func tion

of temperature .

1) Saturation of transition from G \)
3 is assumed

Nc+ N v3
i.e., N (SAT ) = N (SAT ) = 2G

2)  Rot a t iona l  part of par tition function neglected

(i.e., = 1).

_______________________________ ~~~~~~~~~~~~~~~~~~~~~
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temperatures greater than.l50°X, hence laser action at room

temperature is unlikely. The calculation is a first order

• approximation and is not to be believed totally. The curve

illustrates that cooling the gas will improve chances for a

population inversion . Future plans include construction of

a cooled optical pumping cell. Recently Tiee and Wittig23

reported optically pumped laser action in CF4 , a spherical

top molecule by cooling the gas.
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5. LIST OF MANUSCRIPTS SUBMITTED TO A JOURNAL

a)  “ High-Power Vibration-rotation Emission from 14NH
3Op t icall y Pumped Of f  Resonance ” , with E. J.

Dan ielewicz , E. G. Malk , App l. Phys. Lett., 29 ,
No. 9, 1 November 1976.

b) “Far Infrared Guided Wave Optics Experiments with
Anisotropic Crystal Quartz Waveguides ” , with E. J.
Danie lewicz ” , submitted to the Journal  of Quantum
Electronics.

c) “Assignments of the Hi gh Power Op t i c a l l y  Pumped CW
Laser Lines of CH 3

OH” , with E. J. Danielewicz ,

submitted to the Journal of Quantum Electronics.

d) “Presen t and Future  Prob lems in the Far IR ” , sub-
mitted to the Journal of the Optical Society.

6. LIST OF PAPERS PRESENTED AT MEETINGS

a) “ Far Inf ra red  Guided Wave Optics Ex perimen ts with
Anisot ropic Crys ta l  Quar tz Waveguides ” Paper MC2 ,
Topical Meeting on Integrated Optics , Salt Lake Ci ty ,
Utah , January 12-14 , 1976.

b) “Assignments of the High Power Optically Pumped CW
Laser Lines of CH3OH , 

Presented at the Second Inter-

national Conference and Winter  School on Submill imeter
Waves and Their Appl ications, San Juan , Pue rto Rico ,
December 6-10 , 1976.

c) “Present and Future Problems in the Far IR ’ , presented
at the Second In terna t ional  Confe r ence and Wi nter
School on Submill imeter Waves and Their App l ications ,
San Juan , Puerto Rico , December 6-10 , 1976.


